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PREFACE 




This book is designed to supply textual material covering the 
physical elements of geography in a form particularly suited to class¬ 
room discussion in beginning courses in college geography. The special 
merit of the treatment of the subject employed in this text is believed 
to lie in the choice of the material which has been included in it, in 
the structure of its organization, and in the manner of its presentation. 

Physical Elements of Geography represents a republication of Part I 
of the more comprehensive book. Elements of Geography: Physical and 
Cultural, second edition, by the same authors. The reason for its 
appearance as a separate volume, apart from the other sections of 
Elements of Geography, is that the needs of numerous colleges and 
universities are fully met by a book covering physical geography only. 

The selection of material for inclusion has been made with a single 
objective: to describe and depict the major component elements of the 
physical earth and to enable the student to interpret the significance 
of their areal association. The material included is confined to the 
development of what may be considered a check list of the elements 
of natural earth and their characteristic associations. An attempt has 
been made to lay a solid foundation for the social studies by description 
and analysis of the habitat potentialities of the earth’s regions. The 
material is presented in a manner which the authors believe furnishes 
a basis not only for understanding on the part of the student, but 
also for a full and rich classroom discussion of the subjects included. 

The structure of the book’s organization is considered by the 
authors an essential part of the presentation. It includes (1) two open¬ 
ing chapters which provide a degree of orientation in the field of 
geography, together with certain basic facts and geographical tools, 
%nd (2) five principal sections. The latter treat, respectively, of (^) 
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The Elements of Weather and Climate, (J5) Climatic Types and Their 
Distribution, (C) Processes Concerned with the Origin of Landforms, 
(D) Landforms, and (E) Earth Resources. This organization has the 
merit of clearly setting apart in the student’s mind the elements of 
weather and climate from the types of climate into which they are 
combined, and of distinguishing earth processes from the classes of 
earth features produced by them. The emphasis has been placed 
deliberately upon the nature or form of the physical elements of 
geography and upon their world distribution, rather than upon the 
processes of their origin. Not that the rational interpretation of 
features through the manner of their origin is neglected. It is employed 
constantly, but in part the discussion of process is segregated and 
always it is made secondary in importance to the essential physical 
characteristics of the features produced. In this respect the treatment 
of landforms, for example, is to be distinguished sharply from that 
which is customary in physiography or physical geology. 

It may be asked why the authors have not dealt at some length 
with the social implications of the various elements of physical earth. 
In a number of geography books the description of each of the physical 
features is followed by a summary of the human activities supposedly 
related to a particular feature. For example, the study of the physical 
characteristics of mountains will be supplemented by a description 
of activities ‘'dependent on or centered about mountains.” Such a 
treatment bespeaks a belief that geographical science is primarily 
concerned with showing how and to what degree physical earth influ¬ 
ences human affairs. Such a philosophy of their subject the present 
authors cannot subscribe to. It is their conviction that it is not geog¬ 
raphy’s responsibility to defend the role of environment in human 
affairs or to measure its influence. There is no thought of minimizing 
its importance, but only a doubt as to whether the study of the influ¬ 
ence of any factor should be made the central theme of a science. 
In the present book multiple references are made to the habitat qualities 
or potentialities of physical features for human use, but it is recognized 
that how they are used in various parts of the world depends largely 
on the nature and qualifications of the occupying groups. Not physical 
features, but men, usually determine how the (‘arth’s equipment shall 
be used. Moreover, the study of how men occupy and utilize the earth 
belongs to the fields of social and economic geography rather than 
to physical geography. 

Several grades of distinction in type have been employed in the 
section, chapter, and center headings of the book for the purpose of 
keeping before the student the nature of the structural outline within 
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which he works. Also, the component articles of the chapters have 
been numbered serially through the book. It is believed that this 
feature will be of use in encouraging forward and backward reference 
by the student and in making easy the definition of class assignments 
by the instructor. It will be noted also that many of the numbered 
articles are further distinguished by being printed in slightly smaller 
type and shorter line. Those articles are selected as having a secondary 
or elaborative place in the discussion, and they are, by their type and 
length of line, indicated for omission by students in briefer courses in 
which there is not adequate time to consider all the topics presented 
in the book. 

The authors have striven for readability as well as explicitness in 
the style of the text. They have undertaken also, sometimes at the 
expense of brevity, to place special emphasis upon certain phases of 
the discussion. The interrelated nature of the subjects treated and 
the structure of the presentation both facilitate emphasis. The same 
association of facts may be, and often is, approached from two or more 
directions in as many different connections. This has made emphasis 
possible by a judicious use of repetition or by restatement to suit the 
new occasion. 

The style of presentation seeks to avoid being merely a compendium 
of facts. The elements of natural earth are ordered, their associations 
and interrelations are Indicated, and the student is led to distinguish, 
by comparison and contrast, similar but not identical elements. 
Through comparison and contrast of the elements of natural earth he 
is then led to conclusions concerning the habitat significance of various 
combinations of them. Since this text attempts to lay a good foundation 
for the understanding of the general regional geography of the world, 
there havx been included many statements of fact and association 
concerning the natural features of specific world regions or localities, 
l^'o study those statements most effectively the student should make 
frequent reference to an atlas. Instructors are urged to see to it that 
students have facilities for that kind of study. 

The text illustrations have been drawn or selected with the special 
purpose of centering attention upon significant features under discus¬ 
sion and of making possible a reduction in the amount of descriptive 
text. To that end they are placed in as close proximity to the related 
text as possible, although, in order to save space, some illustrations 
are made to serve in more than one connection. The plates that 
accompany the book have been prepared in blank. They are intended 
for student drawing and coloring as a manual aid to the appreciation 
of significant facts and associations in the distributions of earth 
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phenomena. Duplicate sets of these plates may be obtained from the 
publishers. Relatively few rainfall and temperature data have been 
presented in graphic form in the text, since it is believed that the 
student profits much more by the construction of these graphs for 
himself. A plate containing a number of coordinate paper blocks 
provides facilities for doing this. In addition to the classified climatic 
data provided for the several types of climate within the text proper, 
data for other stations are available in Appendix A, 

Reference lists are appended to those chapters or sections of the 
book that treat of distinct fields without conspicuous overlap in source 
material. The lists are not intended to be merely the references con¬ 
sulted by the authors, although many of these are included, and their 
aid is acknowledged with gratitude. The purpose of these lists is to 
suggest some of the more recent of the authoritative general works in 
each field. In these the instructor or the gifted student may find 
supplementary reading with which to broaden his understanding 
of the subjects considered. 

The indebtedness of the authors for valuable suggestions, illus¬ 
trations, and other kinds of aid extends in many directions, and 
particularly to colleagues and students at the University of Wisconsin. 

Vernor C. Finch, 

Glenn T. Trewartha. 

University of Wisconsin, 

3fay, 1942. 
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Chapter I. The Field of Geography: 
Its Content, Method, and Point 
of View 


Definition of Geography 

1. Geography is the science of the earth’s surface. It consists of a 
systematic description and interpretation of the distribution of things 
on the face of the earth. (As the geographer conceives of the surface 
of the earth, it is in the nature of a thin shell that extends slightly 
above and below the surface proper.) It is in this thin zone of contact 
between the atmosphere above and the solid and liquid sphere below 
that life in its various forms exists. Here organic and inorganic forms 
are closely intermingled and intimately interrelated, and from their 
combined patterns of distribution there emerges an earth’s surface of 
variegated form and color. 

The Geographic Features of the Earth’s Surface 

2. Physical and Cultural Features. It may be asked, ‘‘Spe¬ 
cifically what is it about the earth’s surface that the geographer 
studies.^” Essentially it is the two classes of interrelated features 
noted in the preceding paragraph: (a) those which are provided by 
nature (among them, climate, surface configuration, soils, economic 
minerals, surface and underground water, and native plant and animal 
life) and (b) those which man has added through living on the earth 
and using its resources (population, houses, settlements, communi¬ 
cations, farms, factories, mines, etc. These two groups are designated 
as the physical or natural features and the cultural features. The latter 
are composed chiefly of the material observable features resulting from 
man’s productive activities in earning his livelihood, and from his 
creation of shelter buildings and means of communication. These 
are the cultural features of primary importance. Some would add 
to these, other less tangible aspects of human development, cultural 
and political, which are closely associated with the material features. 

1 
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In addition to the distinctly man-made, or cultural, features, there are 
others of natural origin which have been modified by human beings. 
Cultivated soils, for instance, arc not exclusively either natural or 
cultural, and the same is true of much of the earth’s vegetation cover. 
These material features, of both natural and human origin, are the 
elements of geography, and it is with them that the present volume is 
concerned. 

It is not, to be sure, in the numerous individual features of the 
earth or its regions that the geographer is primarily interested. Simply 
a catalogue of individual plants is not botany, nor is the listing of 
things to be seen within any portion of the earth’s surface geography. 
Scientific study requires grouping and classifying and the tracing of 
origins and connections. When it is noted, for instance, in a study 
of the geography of an area, that there arc repeating patterns of popu¬ 
lation distribution, drainage lines, fields, or any of the other very 
numerous features, and when these repetitions are discovered to have 
definite causal relation to other features (past or present) with which 
they are areally associated, there is then the beginning of scientific 
geography. The classifying of the regional features according to origin, 
function, or some other basis into groups and the revealing of the 
bonds of connection between them are the geographer’s task. Charac¬ 
teristic and repeated patterns and associations of features, then, rather 
than individual features are most useful in understanding the geogra¬ 
phy of the earth’s surface. 

The following diagrammatic outline may help to clarify the preced¬ 
ing analysis: 


Geography 


The Science of the Earth's Surface 

.1 

The distinctive geographic character of any portion of the earth’s 
surface is determined by the combined patterns of the areally associ¬ 
ated natural and cultural features. 


I 

I. Physical or Natural Features 
1. Climate 

a. Temperature 

(1) Of the warmest 
and coldest 
months 

(2) Length of the 
frost-free season 


II. Cultural {Man-made) Features 
1. Population 
a. Density 

’ h. Distribution patterns 
Houses and settlements 

а. House types 

б. Settlements 

(1) Dispersed 
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b. Precipitation 

(1) Total annual 
amount 

(2) Distribution 
throughout the 
year 

(3) Reliability 

c. Type of climate 

2. Surface configuration and 
drainage 

а. Earth materials—nature 
of underlying rock 

б. Principal landform 
groups—relief and slope 
characteristics 

(1) Plains 

(2) Plateaus 

(3) Hill country 

(4) Mountains 

c. Surface features of a 
smaller size 

d. Drainage 

3. Earth resources 

a. Water resources of the 
land 

h. Native vegetation and 
animal life 

(1) Forest 

(2) Grass 

(3) Shrub 

c. Soils 

(1) Physical and 
chemical proper¬ 
ties 

(2) Character of pro¬ 
file 

(3) Soil type 

d. Economic minerals 


(2) Agglomerated 
3. Features associated with pro¬ 
duction 

а. Agriculture 

(1) Size and layout 
of farm and fields 

(2) Crop or animal 
specialization 

(3) Distribution pat¬ 
tern of agricul¬ 
tural land 

(4) Types of agricul¬ 
ture and their 
world distribution 

б. Manufacturing 

(1) The industrial 
plant 

(2) Raw materials, 
power resources, 
and finished prod¬ 
ucts 

(3) Manufactural re¬ 
gions of the world 

c. Extractive industries 

(1) Logging 

(2) Fishing 

(3) Hunting and trap¬ 

ping 

(4) Mining 

4. Features associated with 
transportation 

а. Routes of travel—den¬ 
sity and patterns 

б. The carriers 

c. The things transported 
—foreign and domestic 
trade 


3. Description and Explanation, As in many other sciences, so in 
geography, careful, systematic, direct observation and description are 
preliminary to and necessary for any classification and explanation 
that may follow. The geographer, in his study of any region of the 
earth or of any single geographic element, first of all systematically 
observes and then records, usually on a map, the results of his obser- 
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vations. Unlike most scientists, a geographer needs to describe and 
understand things that are much larger than his range of vision. The 
microscope is of little or no use to a geographer. His problem is to 
bring the patterns of widespread and far-flung features, distributed 
over countries, continents, or even the world, within his range of 
study. He must see them in their relations to each other, and to do 
this he is obliged to reduce them to observable size on maps. Maps, 
then, with their great variety of symbols, become the technical 
language of geographers. No other science, social or natural, makes 
use of them to anything like the same degree. 

The second step, following observation and description, is the 
search for explanations as to why the patterns of distribution are as 
they are. No limit is placed upon kind of explanation. The physical 
earth, or natural environment, is only one of a great variety of things 
affecting man’s use of a region, and it holds no preferred position 
among the several influences. There is, to be sure, no attempt to 
minimize the importance of the natural equipment of a region in its 
effects upon land use. But historical antecedents, customs and habits, 
laws, tariffs, and multitudes of other social forces likewise influence the 
character of land use, and they are as “geographic,” as far as expla¬ 
nation of the cultural scene is concerned, as is a coal field, a mountain 
barrier, a soil type, or any other feature of the natural earth. In other 
words, the things studied are restricted but not the type of explanation. 

4. Geography Not Exclusively either a Natural or a Social 
Science. Since the earth’s surface, which is the focus of a geographer’s 
study, is composed of natural as well as of cultural features, it is 
obvious that geography cannot be exclusively either a natural or a 
social science, but belongs to both. It is inherently dual in character. 
If one studies a region in its totality, he is compelled to deal with both 
(a) its natural equipment and (h) the human imprint upon it, and 
such is the nature of most regional studies. 

Physical Geography, It is entirely feasible, however, for one to 
study the patterns and associations of the natural features while 
ignoring the cultural, and there is a group of geographers that chooses 
to cultivate this more restricted physical aspect of regions. But many 
times physical geography has a humanized perspective, for it is often 
an analysis of the whole natural equipment of a region, or some 
element of it, in terms of its resource potentialities for human use. 
Such a study provides a solid foundation not only for cultural, or 
human, geography but for all the other social sciences as well. The 
associated original natural features of a region, unmodified by human 
beings, are designated as \)ie fundament. 
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Cultural^ or Human, Geography, On the other hand, one may, if he 
chooses, focus his principal attention upon the man-made features of 
a region, while minimizing, although certainly not ignoring, the 
physical aspects. The thing to be understood is still the earth’s surface, 
but it is the surface as modified by the human beings living in and 
using the region. Human geography thus becomes a study of the 
“culture surface” and as such is a social science, claiming a place along 
with history, economics, anthropology, and others in an investigation 
of the human record. However, geography is concerned not primarily 
with human relationships, but rather with the features that man has 
inscribed upon the earth’s surface, including population. The data of 
cultural geography are chiefly forms of land utilization. These features 
of human origin within regions rest upon, and grow out of, the earth’s 
physical surface. But in no sense is the physical surface to be thought 
of as the sole cause of the character and distribution of material 
culture. It is the human group, with its particular heritage of racial 
endowments, customs, habits, and training, that creates the features 
of land utilization, and it is the human element also that largely 
determines their character and distribution. Physical conditions set 
up only certain very flexible limits to land use. 

5. Regional and Systematic Geography. The features that exist 
together on the earth’s surface may be studied in a number of ways. 
Probably the most logical way to study them is in their natural 
groupings, i.e., by regions. The face of the earth may be thought of as 
composed of a mosaic of regions differing from one another in their 
natural and man-made (cultural) features. In other words, each region 
has individuality or distinctiveness by reason of the kinds and arrange¬ 
ments of the features that occupy its surface. To delimit these regions, 
to describe and explain their distinctive characteristics, and to under¬ 
stand the bonds of connection between them—this, according to many 
geographers, is the core of their science. 

It is possible, however, to study geographic features in their 
systematic rather than their regional groupings. By this method 
landforms, climates, human settlements, manufacturing types, crops, 
and the like may be made the subject of observation, description, 
classification, and explanation. In the evolution of geographic science 
many of the systematic groupings which it formerly included and 
cultivated have been partly or even largely taken over by more 
recently developed sciences. Thus to the mother science geography 
was born a group of offspring—geology, botany, zoology, meteorology, 
climatology—and each attained independence by taking over a part 
of the parental estate and successfully cultivating it. Nevertheless 
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many qualified geographers still work successfully in the several 
branches of systematic geography and their bordering sciences. 

6. The Present Book; Title, Content, and Organization. If 
the position is taken that geography is primarily concerned with a 
study of the earth’s surface, it remains to be pointed out what particu¬ 
lar contribution to that study this book is intended to make. It is in 
the nature of an introduction to geography through a systematic 
study of the individual elements or features that together comprise 
the face of the earth. The title of the book suggests this content. In 
no sense is it intended to be a general summary of geographic knowl¬ 
edge. On the contrary, the purpose is to acquaint the beginning student 
with the fundamentals of geography and to offer suggestions as to how 
they may be used in the understanding of the earth’s surface. It is 
more in the nature of an outline of geography, the content of which 
provides organization and factual material on the physical and 
cultural earth. 

Various methods have been employed by different authors in 
making this introductory approach to geography. One very common 
way has been through the channel of formal physiography, in which 
emphasis usually is placed upon a study of such physical processes 
and agents as rivers, glaciers, weathering, diastrophism, and storms. 
Less attention is given to physical features, their regional associations, 
potentialities for human use, and their world distribution. Some other 
books minimize the treatment of physical processes and emphasize 
instead the characteristic human developments within the several 
great physical realms of the world. Still others are condensed com- 
pendiums of information summarizing the whole field of geographic 
knowledge. As stated in the preceding paragraph, this book makes the 
approach to the study of earth regions through a treatment of their 
observable material features, these being the principal elements of 
geography. 


References for Chapter I 
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Chapter II. The Earth: Its Shape, 
Planetary Relations, and Represen¬ 
tation on Maps 


7. Many familiar conditions, both in the realm of nature and in 
everyday life, have their origins in the shape and size of the earth and 
its relation to other heavenly bodies, especially the sun. Common 
ideas of distance, area, direction, time, and weight depend upon these 
conditions of earth size and planetary relation. Such phenomena as 
day and night, the seasons, the tides of the ocean, and indeed the very 
existence of the oceans and the atmosphere depend upon them also. 
The external relations of the earth require study, therefore, because 
of their fundamental importance to an understanding of the nature 
of earth environment and of the many complex ways in which natural 
features are associated with those that have been created by man. 

8. The Shape of the Earth. So slight are the earth’s depar¬ 
tures from true sphericity that the greatest of them amounts to less 
than one-third of 1 per cent of its 4,000-milc radius. A slight flattening 
at each earth pole causes the radius from the earth center to the pole 
to be about 13.5 miles shorter than the distance from the center to any 
point on the equator. That is the earth’s greatest departure from true 
sphericity. Great ocean deeps (6 miles or more below sea level) and 
high mountain peaks (5.5 miles above sea level) exist, but the height 
of the highest mountain above the lowest point on the ocean floor is 
not more than the amount of the polar flattening. If the 25,000-mile 
circumference of the earth be represented by a true chalk circle, the 
largest that can be drawn on an ordinary blackboard, the chalk line 
will have more than enough thickness to linclude all the earth’s depar¬ 
tures from true sphericity, if they could be represented properly at 
that scale. 

9. Earth Features and the Earth Interior. The nature and 
relative smallness of the departures of the earth’s surface from truly spheri¬ 
cal form have a meaning of wider interest than their mere size. It seems 
surprising that some of the great mountains of the earth are not higher And 
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.that the great ocean depths are not deeper than they are. Forces of crustal 
distortion are at work now, and have worked since the origin of the earth, 
at bending, breaking, and heaving the crust by unbelievably slow motion 
whi(^h appears capable of producing irregularities much greater than thos<^ 
whieli exist. That they are not greater seems due to a natural limit upon the 
size to which they may grow, a limit set by the plasticity of the earth and 
the inability of the interior to support the weight of huge projections upon 
its exterior. The earth ball appears perfectly rigid, and probably it has in 
fact about the rigidity of steel. Yet even this great strength seems incapable 
of supporting features of a greater order of height than that of the existing 
continental masses. If the earth be thought of as composed of a mosaic of 
segments or blocks, it is obvious that those which include the continents are 
slightly taller, measured from the center of the earth, than are those which 
include the ocean basins. It is believed that the higher segments are com> 
posed of rocks sufficiently ligliter than the average so that they are nearly 
in balance with the lower but heavier segments. This state of balance is 
constantly disturbed by various of the earth processes, such as the removal 
of earth from the continents by streams and its deposition in the oceans, 
and is (!onstantly regained by the slow movement of plastic material be¬ 
neath the earth’s crust. The polar flattening of the earth also suggests a 
plastic earth interior, since that form of distortion of shape would be pro¬ 
duced in a plastic sphere by the centrifugal force caused by slow rotation. 
'I'he idea that the earth is plastic will be useful later in connection with 
studies of the molding of the surface forms of the land. 

10. Land, Water, and Air. The home of man is upon the 
197 million square miles of the exterior of the earth, but the major 
parts of which it is composed are very unlike in their degrees of human 
utility. The solid mass of the earth (the lithosphere) is covered in part 
by water (the hydrosphere), and both are surrounded by a gaseous 
envelope (the atmosphere). Each of these spheres touches upon the 
life of man in many ways, and their many different features or phases 
combine and recombine in hundreds of ways to make the sets of 
natural features that characterize different regions of the world. Some 
of the combinations form regions that are eminently suited to the 
habitation of man and to intensive use by modern human society; 
others form regions that are very unsuited. In the latter group are 
the depressed segments of the earth crust which are filled by the oceans 
and the great seas. These together occupy about 71 per cent of the 
surface of the sphere, leaving the smaller part, about 29 per cent, 
as the exposed continental surfaces. Only the latter are in any degree 
suited to permanent human abode. 

The total area of the land surface of the earth is, therefore, only 
about 51 million square miles, equal to about seventeen times the area 
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of the United States. Upon this rather restricted surface the entire 
human population of the earth resides and endeavors to secure a living. 
However, there are large parts of the land which, for one reason or 
another, are ill suited to intensive human occupation or use. The 
primary purpose of this book is to direct attention to the many different 
phases of the major elements, land, water, and air, which are combined 
in the natural equipment of areas; to emphasize those features and 
conditions which are inherent in the earth but which go together in so 
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Fig. 1.—A diagram to illustrate the relation of the inclination of the earth’s axis and its 
parallelism to the change of the seasons in the Northern Hemisphere. 

many different ways and give to various regions of the earth differences 
of physical appearance and of human utility. 

Earth Motions 

11. Earth Rotation and Its Consequences. The earth is held 
in space by the combined gravitational attraction of other heavenly 
bodies and has motions that are controlled by them. The two principal 
earth motions are rotation and revolution. The earth rotates upon an 
imaginary axis which, owing to the polar flattening, is its shortest 
diameter. The ends of the axis of rotation are at the earth poles. 
The time required for the earth to rotate once upon its axis is 24 hr. 
During that time each place on the sphere is turned alternately toward 
and away from the sun, has experienced a period of light and a period 
of darkness, and has been swept over twice by the circle of illumina- 
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tion, once at dawn and again at twilight. The direction of earth rotation 
is toward the east. This fact has broad significance. Not only does it 
determine the direction in which the sun, moon, and stars appear to rise 
and set, but it is related to other earth phenomena of far-reaching 
consequence, such as the prevailing directions of winds and ocean 
currents, which will be studied later. 

12. Earth Revolution. The rotating earth revolves in a slightly 
elliptical orbit about the sun, from which it keeps an average distance 
of about 93 million miles. The time required for the earth to pa.ss once 
completely around its orbit fixes the length of the year. During the 
time of one revolution the turning earth rotates on its axis approxi¬ 
mately 365i times, thus determining the number of days in the year. 

An imaginary plane passed through the sun and extended outward 
through all points in the earth’s orbit is called the plane of the ecliptic. 
The axis of the earth’s rotation has a position that is neither parallel 
with nor vertical to that plane. It has instead a fixed inclination of 
about 66^° from the plane of the ecliptic (or 23^° from vertical to it). 
This position is constant, and therefore the axis at any time during 
the yearly revolution is parallel to the position that it occupied at any 
previous time (Fig. 1). This is called the parallelism of the axis. 

The degree of inclination of the earth’s axis and its parallelism, 
together with the earth’s shape, its rotation on its axis, and its revolution 
about the sun, combine to produce several earth phenomena which 
are of vital importance among the conditions that surround earth 
inhabitants. Some of these are (a) the primary distribution of solar 
energy over the earth, {h) the changing of the seasons, and (c) the 
changing lengths of day and night. These matters, and others related 
to them, will be discussed more fully in their connection with climate. 

Location on the Earth 

13. The Earth Grid. The conditions described above also are 
matters of great importance in another way. They furnish a convenient 
means of determining and describing exactly the position or relative 
location of any place on the earth’s surface. On a true sphere that is 
not in motion there is neither beginning nor ending, no natural point 
or line of reference from which to begin to measure the relative posi¬ 
tions of other points. If it were not for its motions and other planetary 
relations, the earth also would have no natural point or line from which 
to measure direction. Since the fact of rotation establishes the geo¬ 
graphic poles of the earth, these serve as initial points in a scheme of 
imaginary lines, called the earth grid, by means of which directions 
and relative locations are easily indicated. Midway between the poles 
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an imaginary circle may be drawn upon the surface. It is a “great 
circle,” called the equator. Other circles may be drawn at any desired 
distances from the poles. They will be smaller than the equator but 
parallel with it. They are called parallels. Upon the equator and the 
parallels, distance may be measured east or west of a given point. 
The north-south members of the earth grid, or system of coordinates, 
are called meridians. They are produced by drawing any number of 
circles wiiich intersect at both poles. They are all great circles, and 
each of them bisects the equator and every parallel. By means of all 
these circles, the parallels and meridians, is de\eloped the system of 
lines made familiar through the grid of a geographical globe. 

14. Latitude. In the measurement of the earth it is customary 
to divide into quadrants the circle formed by each pair of meridians, 
the points of division being the poles and the two intersections with 
the equator. Each quadrant is divided into 90 ])arts, called degrees (°) 
of latitude, the sum of the number of degrees in the four parts being 
the 360 degrees of the meridian circle. The numbering of the degrees 
proceeds from the equator tc» either pole, and positions on the meridian 



Fig. 2.—The angle at which the midday rays 
of the sun strike any place on the earth at the 
time of the equinox is the complement of the 
latitude of the place. 


are marked by the east-west 
cross lines of the parallels. 
By means of the parallels, 
latitude is reckoned from the 
equator (0°Lat.) northward 
to the North Pole (90'^N.Lat.) 
on any meridian and, in the 
same way, from the equator 
to the South Pole (90°S.Lat.). 
Owing to the size of the 
earth, the average length of 
a degree of latitude is about 
69 miles. 

15. The Length of De- 
GREEB OF Latitude. On a 


true sphere each degree of circumference, measured in any direction, has the 


same length, but this is not quite true on the earth. Because of the earth's 


polar flattening, degrees of latitude near the poles are slightly longer than 
those near the equator. The first degree of latitude from the equator has a 
length of 68.69 miles, while the first degree from the pole is 69.39 miles 
long. Each degree of latitude is divided into 60 minutes ('), and each minute 
into 60 seconds ("). One minute of latitude has an average length of about 
1.15 miles, and one second of latitude is about 101 ft. The length of the 
meter, standard of measurement in the metric system is, in theory, 
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exactly one ten-millionth of the meridian distance from the equator to the 
pole. 

The latitude of any place is determined by instrumental observation. It 
is necessary only, by means of the sextant, to measure the angle between the 
horizon and the zenithal position of the sun at noon. At the time of the 
equinoxes (about Mar. 21 and Sept. 22) the sun’s rays at noon fall vertically 
on tlic equator, and the latitude of any place may be computed by subtract¬ 
ing from 90® the angle read on the sextant (Fig. 2). For times other than the 
equinoxes the results obtained by the above method must be revised by the 
use of tables that show the different latitudes at which the rays of the sun 
fall vertically for each day in the year. Latitudes may be obtained also by 
instrumental observation upon the North Star (Polaris). 

16. Parallels of latitude, drawn through points equally distant 
from the equator on all meridians, may be constructed for any degree, 
minute, or second of latitude. On an ordinary globe grid, at small 
scale, only a few of the many possible parallels are shown—usually 
those of the multij)les of 5 or 10°. Almost always, however, four frac¬ 
tional parallels are shown in addition to the others, because they have 
special significance. These are the parallels of apprf)ximately 23^°N. 
and S. and of 66^°N. and S. respectively. Their importance is derived 
from their relation to the inclination of the earth’s axis to the plane 
of the ecliptic. The parallels of 23^°N. and S. are called the Tropics 
of Cancer and Capricorn, respectively. They mark the limits of thai 
portion of the earth where the solar rays ever fall vertically (Fig. 1). 
The parallels of 664^°N. and S. are called respectively the Arctic and 
Antarctic Circles. They are the lines at which the midday rays of the 
sun are tangent to the earth’s surface at the time of the shortest day 
of the year and at which the midnight rays are tangent at the time of 
the longest day (Fig. 15). 

17. Longitude is reckoned east or west along the parallels of 
latitude. Just as distances on a horizontal chalk line are measured 
by the vertical lines on a rule, so positions on the east-west parallels 
of latitude are marked by the intersections of the north-south meridians 
of longitude. Among the meridians there is no particular one marked 
by nature (as is the equator for counting latitude) from which number¬ 
ing may begin. All are exactly alike, and it is possible to begin to count 
from any one of them as 0°Long. This was in fact done for several 
centuries, each important country beginning with a meridian drawn 
through a spot within its own borders. So much confusion resulted 
that, in the year 1884, the meridian passing through the Royal Astro¬ 
nomical Observatory at Greenwich, near London, was chosen by 
international agreement as the zero meridian. It is called the prime 
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meridian. It intersects the equator in the Gulf of Guinea at a point 
which has the distinction of having 0®00'00"Long. and 0°00'00"Lat. 
The 360® of longitude in the equator and each parallel are numbered 
180®E. and 180®W. of the prime meridian to the opposite side of the 
earth. 

18. Degrees of Longitude Vary in Length. All the parallels of 
latitude, except the equator, are less than great circles, the diameters of 
those near the poles being much less than that of the equator or of the other 
parallels near to it (Fig. 8). Since each parallel, regardless of its circum¬ 
ference, is divided into 360°, it 
follows that the length of 1° of lon¬ 
gitude, in miles, must decrease* 
toward the poles. One degree on 
the equator, a great circle, has 
about the same length as an aver¬ 
age degree of latitude (69.15 miles). 
At latitude 30°N. or S. the length 
of a degree of longitude is 59.94 
miles; at 60° it is 84.60 miles; at 80° 
it is 1£.05 miles; and at the poles it 
is, of course, zero. 

The longitude of an unmapped 
place east or west of the prime me¬ 
ridian, or of a ship at sea, can be 
determined only by finding the differ¬ 
ence in time between that place and the prime meridian. This was first 
accomplished by means of accurate timepieces (chronometers) carried on 
shipboard and set at Greenwich, or prime-meridian, time. Observation of 
the sun at the instant when it reached the highest point (zenith) in its daily 
course across tlie sky gave local noontime, which could then be compared 
directly with the chronometer, and the difference in time translated into 
degrees and minutes of longitude. Now, instantaneous communication by 
telegraph and radio makes accurate time comparison possible almost every¬ 
where and, therefore, makes possible greatly improved determinations of 
longitude. This is of particular aid in geographical exploration. 

19. Accurate Location. The intersection of any two lines is a 
point; consequently, any point on the earth’s surface may be located 
by determining that it lies at the intersection of a certain meridian 
with a certain parallel. Therefore, by exact determination of its latitude 
and longitude the location of any place may be expressed briefly and 
with great accuracy. Thus if one were to say that the dome of the 
National Capitol at Washington was located at 38°53'23"N.Lat. and 
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Fig. 3.—The comparative lengths of the 
radii of the parallels. 
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77®00'33"Long, west of Greenwich, he would state its exact position 
on the earth to within 10 paces. 

20. Longitude and Time. The earth rotates eastward through 
its entire circumference of 360® of longitude in 24 hr.; therefore through 
15® in 1 hr. When noon (the zenith position of the sun) arrives at any 
meridian it is already 1 hr. later (1:00 p.m.) on the meridian 15® east 
of that one, and it lacks 1 hr. of noon (11:00 a.m.) on the meridian 15° 
to the west of it. For the instant, it is noon on the one meridian only, 
but it is noon on that meridian from north pole to south pole. Four 
minutes later it is noon on the meridian 1® farther west. In a generation 
past, each town kept the time of its own meridian, which was called 
apparent solar time or, in common American parlance, “sun time.” 


STANDARD TIMES 



When rail transportation permitted rapid travel it became awkward 
or impossible to change one’s time a few minutes with every village 
passed. To avoid this necessity each railroad adopted an arbitrary 
time scheme which diflFered from that of most of the places that it 
passed through but was the same for considerable distances on the 
rail line. Unfortunately, several railroads in a region often adopted 
different times for their own use. Consequently, it sometimes happened 
that a town reached by different railroads found itself required to use, 
or distinguish between, several different kinds of time: its own solar 
time and one for each of its railways. The awkwardness and confusion 
of this situation led to the adoption by American railways, in 1883, of a 
system of standard time. This system, in theory, supposes that all parts 
of a north-south zone 15® of longitude in width adopt the solar time of 
the central meridian of that zone. Places within the zone that are east 
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or west of the central meridian, instead of difiPering in time by a few 
minutes from it and from each other, all have the same time. Changes 
of time are then necessary only in crossing the boundary of the 
zone, and each change is exactly 1 hr. The timepiece is set forward {i,e„ 
later, as from 12:00 to 1:00) in traveling east and back (ix,, earlier, 
as from 12:00 to 11:00) in traveling west. In practice, these zones are 
not bound(?d by meridians but by irregular lines the location of which 
is dictated by railway convenience and political consideration. Figure 4 
shows the present standard-time zones of the United States. 

On the whole earth there should be 24 standard time zones, each 
extending from pole to pole, and each differing from Greenwich time 
by an integral number of hours. In practice the arrangement is not 
quite so simple, for, although most countries follow the plan, certain 
isolated ones have not yet adopted standard time at all, and a few 
small countries employ as their standard meridians that are not 
multiples of 15 and therefore do not differ from Greenwich time by 
exact hours. For example, Netherlands time is 19 min. faster, and 
Bolivian time 4 hr. 33 min. (instead of 5 hr.) slower, than Greenwich 
time. 


21. The International Date Line. Tiie quickness with whicli the 
earth may be circumnavigated has introduced a problem of correction not 
only of the hour but also of the date and day of the week. The nature of this 
problem may clearly be seen if one imagines an airplane sufficiently fast to 
fly around the earth in the latitude of Chicago, let us say, in exactly 24 hr. 
If the flyer left Chicago, going loestward, at noon on Monday the tenth of 
the month, he would keep exact pace with the apparent motion of the sun, 
would see it in the same position all the way, and would return to Chicago 
the same (to him) noon. To persons in Chicago a night would have inter¬ 
vened, and it would be noon of Tuesday the eleventh. The flyer would have 
lost a day. If he had flown eastivard, he would have encountered midnight 
over Spain, noon of another day over Central Asia, a second night o^"er the 
Pacific Ocean, and would have returned to Chicago at noon of the second 
day, though he had been gone only 24 hr. To him it would be noon of Wed¬ 
nesday the twelfth, while to those who remained it is, as before, Tuesday 
the eleventh. The flyer has gained a day. The fact that one who travels 
slowly by train and boat loses or gains this time by 24 time corrections of 
1 hr. each does not alter the case in the least. Unless he sets his calendar 
ahead one day when traveling around the earth westward and sets it back 
when traveling eastward, it will be out of adjustment on his return. To 
avoid the confusion that would result from individual choice as to place 
of change, an international dale line has been established at the IflOth merid¬ 
ian. There, correction may be made uniformly, and no correction of date 
is necessary unless that line is crossed. Certain deviations of the date line 
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from the 180th n^^ridian are agreed upon to prevent confusion of day and 
date in certain island groups or land areas that are divided by the meridian. 

Direction. The location of places with respect to each other may 
be expressed in terms of direction and distance as well as by relative location 
in latitude and longitude. Direction usually is stated in terms that signify 
an angular relation (azimuth) to the meridian, or geographical north. 
Altliough, in re<?ent years, the gyroscopic compass and other devices have 
made it possible to maintain direction by immediate reference to true north, 
yet much direction finding, especially in land surveys, still is accomplished 
by means of the magnetic compass. The needle of this instrument aligns it¬ 
self with the lines of magnetic force emanating from that great magnet the 



Fig. 5. —^Lines of equal magnetic declination (isogonic lines) in the United States. 
Only at points on the agonic line {0° declination) does the magnetic compass point true 
north. {Generalized from a map by U, S, Coast and Geodetic Survey.) 


earth. However, the magnetic north and south poles are not opposite one 
another and even are subject to slight changes of position. In consequence, 
there are few places on the earth where the magnetic needle points true 
geographii’al north. At all other places the compass reads at an angle with 
true north. These angles vary considerably in size from place to place, and 
their amount is called the compass declination. Figure 5 shows the lines of 
equal compass declination in the United States. East of the line of zero 
declination the compass needle has a west declination, and west of the line it 
has cast declination. In parts of the frequented oceans the compass decli¬ 
nation is as much as 30 to 40® from true north. It is obvious that true direction 
cannot be found by the magnetic compass and that true maps cannot be 
made without a knowledge of the degree and direction of compass decli* 
nation. This may be obtained by an observation on Polaris. 
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The Nature and Uses of Maps 

23. Maps Are Essential Tools. Maps are graphic representa¬ 
tions of the surface of the earth. They are used in many fields of 
learning but especially in earth sciences. For the student of geography 
the maj) is an essential tooly a means of recording facts y and also a manner 
of expression. Maps are almost infinite in number, size, form, and 
meaning, and they constitute almost a language in themselves. For 
their ready interpretation it is necessary that their important types 
and qualities be understood. To that end it is desirable that the student 
shall have a quick appreciation of at least three fundamental matters 
concerning all maps. These are (a) the size of tlie map representation 
compared with that part of the earth which it represents; (6) the nature 
of the plan, scheme, or “projection” employed in making the ref)resen- 
tation; and (c) the types of things represented on the map and the 
meanings of the various kinds of symbols or devices used to show 
them. 

24. The Map Scale. X globe on which the continents and ocean 
basins are shown in modeled relief is the form of earth representation 
requiring the least interpretation. Such a globe, however accurately 
it may show the figure of the earth, cannot be like it in size. The dimen¬ 
sions of the globe may be measured however, and the relation of its 
size to that of the earth, indicated in like units, may be expressed as 
a ratio. That ratio is called the scale of the globe. If, for example, a 
large globe has a diameter of 50 in. and a circumference of 157 in. (the 
diameter and the circumference of the earth being respectively about 
500 million and 1,577 million inches), the ratio of the distance between 
any two places on the globe, measured in inches, to that between the 
same two places on the earth, measured also in inches, will be as 50 is 
to 500,000,000 or as 157 is to 1,577,000,000. That ratio is as 1 is to 

10,000,000, and it is often written as a fraction, thus: 

1:10,000,000, and is called a fractional scale. 

Maps, like globes, bear proportional relations to the parts of the 
earth that they represent. A statement of the proportion is printed on 
most maps in the form of a ratio or a fraction. It is called the map 
scale. Frequently the scale is expressed verbally also, or by means 
of a measured line. Maps may have large scales or small. A ratio of 
1:10,000,000, indicates a small scale because one unit of map distance 
represents 10,000,000, units of earth distance, and the map is, by 
comparison, extremely small. A ratio of 1:100,000 indicates a map of 
much larger scale, and a ratio of 1:1 would indicate a map as large as 
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the area mapped. Reference to a student’s atlas will serve to illustrate 
the range of map scales ordinarily employed in such publications. 

Between the application of scales to globes and to maps there is 
one essential difference. The scale of a globe, no matter how small, 
may truly be applied to it in any part and in any direction. On small- 
scale maps of large areas, especially of the entire earth, the indicated 
scale seldom is equally applicable to all the lines of the map, sometimes 
only to one of them. A reason for this will appear below. 

25. The Nature of a Map. A map diflPers from a globe in that 
it is a representation of some part or all of the earth’s curved surface 
on a plane. A map may be made on a flat sheet of paper which will 
show a farm or the area of a village without distortion of shape or of 
relative area, because the part of the earth’s spheroidal surface included 
in either of them is so small as to be itself practically flat. To make a 
map of the entire earth, a hemisphere, a continent, a state, or even a 
county without some degree of distortion is no more possible than it 
would be possible to press flat all or part of a slit tennis ball without 
stretching or tearing the rubber. The only true representation of the 
•whole earth is a globe. The greater convenience of maps as compared 
with globes has led, however, to the invention of many systems of 
arrangement of the meridians and parallels of the earth grid in ways 
designed to control the unavoidable distortion as to its kind, degree, 
or place on the map. Such a systematic arrangement of lines is called 
a map projection, 

26. Map Projections. The distortion of the earth’s surface 
inherent in map projections is controlled by the mathematical arrange¬ 
ment of the lines of the grid in such ways that either one of two 
objectives is attained. The map may (a) represent the shapes of limited 
areas correctly as compared with their shapes on a globe, or (6) it may 
represent areas so truly that all parts of* the map are in proper areal 
relation to the globe. It is impossible for any map that shows a con¬ 
siderable part of the earths*s surface to accomplish both these objectives at 
the same time, and some accomplish neither. For a more extended 
discussion of the nature of map projections and the appearance and 
properties of a few of their many forms the student is referred to 
Appendix B. 

Representations on Maps 

27. Classes of Map Devices. Maps are employed to show the 
areal distribution of many kinds of things. The devices used on the map 
to show distribution also are many. However, in a general way, they 
may be arranged in four groups which probably are not all-inclusive 
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or even quite mutually exclusive. The groups are (a) devices employed 
to show areal extent, shape, or outline; (b) devices for showing patterns 
of arrangement; (c) devices intended to convey an impression of rela¬ 
tive land elevation or surface relief; and (d) devices employed to show 
the areal distribution of statistical values of actual or relative quantity. 

In the first group may be included all those familiar devices of 
line and color that characterize the many kinds of regional maps which 
show the extent of the boundaries of areas classified upon the basis of 
some kind of unity. These may be countries or other political divisions, 
areas of unity in geological formation, climatic type, landscape com- 



Fig. 6. —The wall map of Switzerland by Kiimmerly and Frey, of which the above 
is a photographic reproduction, is printed in subdued colors and is an example of the 
best in maps that simulate modeled relief. 

position, or of any other nature. In the second group may be found 
maps of drainage patterns, city-street and road patterns, the patterns 
of other means of transportation and communication, and patterns 
of the distribution of towns and cities with respect to each other. In 
the third group are devices such as shadings and hachures (Fig. 278) 
arranged to produce the effect of light and shadow, simulating modeled 
relief on the earth. Some of these are of great intricacy and beauty 
and are the supreme examples of the map maker’s skill (Fig. 6). 
In this group also is that useful device, the contour line, which is dis¬ 
cussed more fully below. The fourth group includes many devices, 
prominent among them being such things as dots or squares, denoting 
area; or representations of cubes or spheres, indicating volume. Each 
of these is intended to convey the idea of the existence of a unit of 
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number or value in a specific locality on the earth’s surface. Maps 
having devices of this class are called cartograms. Their effectiveness 
as geographic tools is generally 
in inverse proportion to the size 
of the areal units for which the 
values arc shown. Thus a few 
dots or squares, each represent¬ 
ing a large unit of value and 
covering a large area, show 
generalities. Many of them, 
each representing a small unit 
of value and distributed prop¬ 
erly within small units of area, 
show valuable details of distri¬ 
bution. They may be used to 
show in an effective way the 
areal arrangement of many 
kinds of things, especially such as have large space requirement but do 
not occupy the entire area. Such are agricultural crops, the distri¬ 
bution of livestock, or the dis¬ 
tribution of rural population 
(Figs. 357, 358). For such uses 
the dot map is unexcelled be¬ 
cause, when the pattern of dis¬ 
tribution, and not the quantity 
distributed, is the thing desired 
to be shown, a proper arrange¬ 
ment of the dots most nearly 
reproduces the actual distribu¬ 
tion of the thing represented. 
The dot map is properly effec¬ 
tive only when shown on an 
equal-area projection, where 
the relative area of dots and 
space remain constant over the 
entire map. The dot map is not 
suited to the effective represen¬ 
tation of the distribution of 
things that have no definite 
relation between area and quan¬ 
tity, such as urban population, volume of manufactures, or value of 
niineral output. For such uses other devices are indicated, particularly 



Fig. 8 . —A cartogram that shows popu¬ 
lation data by means of dots that suggest 
volume rather than area. The radii of these 
dots are to each other as are the cube roots 
of the numbers they represent. (Courtesy 
of Guy-Harold Smith and ike Geographic 
Society of Philadelphia.) 



Fig. 7.—A cartogram that shows the 
distribution of a manufacturing industry by 
dots of graduated sizes. The radii of these 
dots are to each other as are the square roots 
of the numbers they represent. 
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such as show concentration within a local area rather thaji general 
distribution. Graduated circles, spherical representations, or drawings 
of block piles, whose component blocks may actually be counted, are 
particularly effective in cartograms of that type (Figs. 7, 8). 

Among the devices intended to show actual or relative quantity in 
map form is a generally useful one which may be called the isarithm.^ 
It is a line drawn on a map through all points that have the same 
numerical value of amount or measure. 

28. IsARiTHMic MAPS are of many kinds and commonly are used 
by geographers to picture elements of geography. The lines may 
represent either absolute or relative amounts. They may be made to 
show either economic data or the numerical values of natural phe¬ 
nomena. Examples of isarithmic maps are to be seen in several of 
the figures of this volume (Figs. 24, 29, 68, Plate II). Isotherms, 
isobars, and isohyets are isarithms of absolute value used in studies 
of the atmosphere. In contrast, a chart showing the distribution of 
relative humidity employs isarithms showing percentage, or relative 
rather than absolute values. In the field of economic data the isarithm 
may be used to indicate, for example, the number of persons per s(juare 
mile of area and thereby to picture the comparative density of popula¬ 
tion in terms of actual number. Such a map may not show pattern of 
flistribution so well as the dot map can, but it does express the dis¬ 
tribution of people over area in exact terms. A map of the kind indi¬ 
cated above would show the areal distribution of actual eonomic 
values, but others may be made to show the distribution of relative 
values, such as the percentage of departures from the normal rainfall, 
or rainfall variability, in the different parts of the world (Fig. 79). 

29. The contour map is an isarithmic map the purpose of which 
is to show the surface irregularities of the land. So useful is that kind 
of map that it is more widely employed than any other for the purpose 
of depicting the comparative elevations of the land-surface features 
above sea level, i,e,, laud-relief representation. This particular isarithm 
is called a contour line. It is drawn on the map so that it passes only 
through those points that, on the surface of the earth, have the same 
elevation above sea level. The idea of contour lines, their spacing, and 
their irregularities may be made clear by a simple illustration. 

In an open tank one may mold an oval mound of wax 6^ in. high, 
steeply sloping at one end and gently sloping at the other. If 6 in. of 

^ Isarithm is derived from the Greek isos equal -f- arithmos number. The word has 
been spelled isorithm also, but isarithm is believed to indicate its meaning more truly. 
The word isopleth also is much used by American geographers to indicate a line of equal 
number or value on a map, but its specific meaning is slightly different. 
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water is permitted to flow into the tank, only in. of the mound will 
protrude. With a sharp point the position of the edge of the water 
upon the wax may be marked, and then the water level may be lowered 
})y 1-in. stages, and the position of each stage marked on the surface 
of the wax. The marks made will now appear as contour lines on the 
wax mound, the lowest being everywhere 1 in. above the bottom of 
the tank, the next 2 in., and so on to the sixth, as in Fig. 9A. If the 
mound is viewed from directly above, the arrangement of the lines will 
be I hat of Fig. 9/^. From this 
pattern of arrangement cer¬ 
tain things may be learned 
which will help in the general 
interpretation of contour 
maps. Most important of 
these is the fact that where 
the slope of the mound is 
steep the contour lines are 
close together and that they 
are more widely spaced as the 
slope becomes more gentle. 

On this little model the 
water levels, and therefore 
the contour lines, have a ver¬ 
tical separation of 1 in. This 
may be called the contour in-- 
ferval. If the pattern of the 
lines, as seen from above, is reproduced upon a sheet of paper, the 
result may be called a contour map, which, in this case, has a contour 
interval of 1 in. The lines may be numbered accordingly. 

Pew hills in nature are so smooth as this mound, and the example 
may be made more real by introducing a pair of gullies in its side 
(Fig. 10.4). If the submergence is repeated, and the lines redrawn in 
the w ax, it will be seen that in each gully the lines now follow along the 
gully side, cross its bottom, and return down its other side. If, now, 
the pattern of the lines, as viewed from above, are transferred to a 
map, it will look like Fig. 107i. From the arrangement of these lines 
further general facts may be learned. One is that when a contour line 
must cross a valley it does so by a bend such that the closed end of its 
loop points in the upslope direction. Conversely, contour lines bent 
so that their closed ends point in the upslope direction indicate gullies 
or valleys. Between the two gullies is a ridge. In the contour map of 
this hill the contour lines that emerge from the gullies and pass over 



B 

Fig. 9. —Compare this diagram with a 
photograph of one of the United States topo¬ 
graphic maps shown in Fig. 187, 













24 


ELEMENTS OF GEOGRAPHY 


the ridge appear to loop so that their bends point in the downslope 
direction. Thus, contour lines bent sharply toward the downslope 



Fig. 11. —Nature’s contours on an emerging shore. Wave-out lines on a hilly slope, 
resulting from the intermittent withdrawal of water from an irrigation reservoir, 
{Courtesy of Taylor-Rochester,) 

direction always indicate ridges. An illustration of this principle is seen 
in Fig. 11, where natural contour lines are marked on a hill slope as a 
result of wave work performed in a reservoir at different stages in the 
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lowering of the water level. On a map that represents the irregular 
surface of a region these same principles may be applied. 

30. Interpretation of United States Topographic Maps. 
Although some countries use shaded representations of surface con¬ 
figuration on their official maps, the topographic maps of the United 
States Geological Survey depend wholly upon contour lines to produce 
the effect of surfac^e relief. These maps are now available for about half 
the area of the country, and their use provides so much of both pleasure 
and profit that every educated person should be able to interpret them. 

The maps are printed in either three or four colors, each having a 
restricted meaning. In black are shown those features in the surveyed 
area that may be classed as culture, i.e.^ have human origin. In this 
color are roads, houses, towns, place names, boundary lines, and 
])arallels and meridians. In blue are printed all water features, both 
natural and man-made, such as canals, streams, marshes, millponds, 
lakes, or seas. I'he various classes of such features are distinguished 
by appropriate symbols in blue. In green^ if that color is shown, are 
areas covered by limber or woodland. This feature is shown on a 
small number of the published maps only. The contour lines and other 
symbols relating to the relative elevation of the land surface are 
shown in brown. 

Each map is provided with a place title and with parallels and 
meridians that indicate its exact location and extent. Each is provided 
also with a scale and with a statement of the contour interval used 
on that map. The contour lines express the elevation of the land, in 
feet, above a datum plane which is mean sea level. To facilitate the 
reading of these brown contour lines, which often are very closely 
spaced, it is customary to make every fifth line heavy and to open it 
at intervals for the insertion of its numerical value. The intervening 
four lines are drawn lightly and are not numbered. Their values may 
be obtained by using the contour interval as a unit and counting from 
the nearest numbered line. If it is desired to know the height of any 
feature, such as that of a hill above its adjacent valley, it may be 
approximated by multiplying the number of contour intervals between 
the two points by the value of the contour interval. An error of nearly 
twice the contour interval is possible in this instance because of un¬ 
certainty as to just how far below the lowest contour line the valley 
bottom lies and how far above the highest line the hilltop extends. In 
each surveyed area a few carefully measured points are given perma¬ 
nent markers in the form of numbered metal posts called bench marks. 
The location of each of these is shown on the map of the area by the 
letters B.M. and figures showing its exact elevation, printed in black 
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The standard United States topographic sheet includes a quad¬ 
rangle of 0°15' of latitude and 0°15' of longitude. It is printed at a scale 
of 1/62,500, or approximately 1 in. to 1 mile. Some maps are printed 
at about twice that scale: 1/81,680 (2 in. == 1 mile), and show only 
one-fourth as much area. Still others are printed at one-half the stand¬ 
ard scale: 1/125,000 (1 in. = 2 miles), and show four times as much 
area as the standard maps (about sixteen times as much as those at 
1/31,680). A few maps are printed at still other scales. The contour 
intervals employed usually are 10, 20, 50, or 100 ft. On maps of ex¬ 
tremely flat land, intervals as small as 5 ft., or even 1 ft., are used; but 
on maps of rugged mountains, intervals are sometimes as much as 
250 ft. Both the map scale and the contour interval of each map must 
be read and considered before its true meaning can be interpreted. 

If the above principles are used, it is not difficult to read the essen¬ 
tial relief features of the ordinary to})ographic map. Facility in their 
interpretation, however, comes only with experience. In chapters to 
follow, the nature and arrangement of many of the landforms to be 
described can be made much more clear and real if the text is supple¬ 
mented by selected maps from the United States topographic atlas. 
Although the nature of this book does not permit the inclusion of 
representative maps illustrating the various features discussed, specific 
topographic quadrangles which do illustrate them are indicated in 
Appendix D. It is hoped that some of these at least may be made avail¬ 
able and that the student will acquire sufficient ability to read them 
so that they may make their full contribution to his understanding 
of the element of landforms in the natural environment. 
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Section A. The Elements of Weather 
AND Climate 




31. General Considerations. Surrounding the earth, and yet 
an integral part of the planet, is a gaseous envelope called the atmos¬ 
phere, which extends to a height of several hundred miles. It is at the 
plane of contact between the atmosphere, on the one hand, and the 
solid and liquid earth, on the other, that life in its various forms exists. 
To be sure, man lives on the solid portion of the earth’s surface but in, 
and at the bottom of, this sea of air. He is, as a consequence, much 
affected by changes that take place in the gaseous medium that 
surrounds him. In fact, among the several elements that comprise the 
natural equipment of a region (climate, native vegetation, landforms, 
minerals, soils, etc.) for human occupance and use, climate is the 
single most important one causing variations in the productive 
potentialities between the earth’s regional subdivisions of the first 
order of magnitude. This results from the fact that not only is climate 
in and by itself a major element of a region’s natural equipment, but 
also it directly affects vegetation, soil, and drainage characteristics and, 
to a degree, the nature of the landforms as well. Thus large areas with 
similar climates also are likely to have strong resemblances in vege¬ 
tation and soil. 

32. Composition of the Atmosphere. Pure, dry air near sea level is 
largely composed of nitrogen (78 per cent) and oxygen (nearly 21 per cent).^ 
There are smaller amounts of argon, ozone, carbon dioxide, hydrogen, and a 
number of other gases. In addition to those gases named, ordinary surface 
air also contains variable amounts of water vapor (up to nearly 5 per cent on 

* The permanent gases of the atmosphere probably exist in nearly these same 
proportions at all heights up to the upper part of the stratosphere. Water vapor and 
dust are concentrated in the lower atmosphere. 
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hot, humid days) and numerous organic and inorganic particles that are 
classed as dust. 

Of slight significance to the various weather and climatic phenomena arc 
nitrogen and oxygen, even though they comprise so much of the surface air 
by volume. Certain of the minor gases are much more important. Thus 
water vapor is the source of all forms of condensation and precipitation 
(clouds, dew, white frost, sleet, hail, rain, and snow), and it is the principal 
absorber of solar energy and of radiated earth energy as well. Since water 
vapor is much more transparent to the sun’s rays than to the energy radiated 
from the earth’s surface, it acts as a blanket to keep the earth relatively 
warm. Some of the microscopic dust particles which have hygroscopic, or 
water-absorbing, properties provide the nuclei around which atmospheric 
condensation takes place. Over large cities smoke and dust act as an effect- 
tive screen against incoming sunlight. As an example, the university 
weather station at Chicago, 111., receives during the three winter months 
(December through February) only 55 per cent of the solar energy recorded 
by the weather station locate<l on the university campus at Madison, Wis., 
a smaller and less industrial city. 

33. The Elements of Weather and Climate. The condition 
of the atmosphere at any time or place, the weather, is ex¬ 
pressed by a combination of several elements, primarily (a) teviperature 
and (6) precipitation and humidity but to a lesser degr(>e by (c) icinds 
and (d) air pressure as well. These four are called the elements of 
weather and climate because they are the ingredients out of whicli 
various weather and climatic types are compounded. The weather 
of any place is the sum total of its atmospheric conditions (tempera¬ 
ture, pressure, winds, moisture, and precipitation) for a short period 
of time. It is the momentary state of the atmosphere. Thus we speak 
of the weather, not the climate, for today or of last week. Climate^ on 
the other hand, is a composite or generalization of the variety of 
day-to-day weather conditions. It is not just “average weather,'* 
for the variations from the mean, or average, are as important as the 
mean itself. “Certainly no picture of climate is at all true unless it is 
painted in all the colors of the constant variation of weather and the 
changes of season which are the really prominent features.” (Kendrew.) 

34. The Controls of Weather and Climate, Weather varies 
from day to day, and climate differs from place to place, because of 
variations in the amount, intensity, and areal distribution of these 
several weather and climatic elements, more particularly temperature 
and precipitation. One may naturally inquire what it is that causes 
these several climatic elements to vary from place to place and season 
to season on the earth, resulting in some places’ and some seasons’ 
being hot and others cold, some wet and others dry. The answer is to 
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be found in the climatic controls. These are (a) latitude or sun, (6) 
distribution of land and water, (c) winds and air masses, (d) altitude, 
{p) mountain barriers, (/) the great semipermanent high- and low- 
pressure centers, {g) ocean currents, Qi) storms of various kinds, and 
a number of other minor ones. It is these controls, acting with 
various intensities and in different combinations, that produce the 
changes in temperature and precipitation, which in turn give rise to 
varieties of weather and climate. The following diagram may help 
to clarify the relationship among (a) elementsy (6) controlsy and (c) the 
resulting weather and climate. 

Ciimatic Controls Climatic Elements 

I. Sun or latitude 
Land and water 

II. Winds and air masses /I. Temperature 

4. Altitude Acting \2. Precipitation 

5. Mountain barriers upon—and humidity Produce—> 

(). Semipermanent low- and / 3. Winds and 

high-prcssoire centers ' air pressure 

7. Ocean currents 

8. Storms 

Although it is the composite of atmospheric conditions, called 
climates, and their world distribution, that is of principal interest to 
geographers, a description of climatic types will be more intelligible 
if preceded by an analysis of the characteristics, origins, and distribu¬ 
tions of the individual elements which comprise the climatic complex. 
The next few chapters, dealing with air temperature, pressure and 
winds, moisture and precipitation, and storms, provide this background, 
which is desirable for understanding the origin of various types of 
climate and their distribution over the earth. 
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Chapter III. Air Temperature 
(including insolation) 


Sun Energy or Insolation 

35. Source of Atmospheric Heat. The sun is the single note¬ 
worthy source of heat for the earth’s atmosphere. Out into space from 
this gigantic body, whose diameter is more than one hundred times 
the earth’s and whose surface is estimated to have a temperature of 
more than 10,000°F., streams a tremendous mass of energy. The earth, 
nearly 93,000,000 miles distant, intercepts less than 1/2,000,000,000 
part of the solar output. Yet to this small percentage of the sun’s total 
energy many of the physical, and all of the biotic, phenomena of the 
earth owe their existence. The radiant energy received from the sun, 
transmitted in the form of short waves (1/10,000 to 1/100,000 in. in 
length) and traveling at the rate of 186,000 miles a second, is called 
solar radiation^ or insolatwn, A considerable part of the solar-radiation 
spectrum can be perceived as light. But there are other waves, some 
shorter (ultraviolet), and others longer (infrared), which cannot be 
seen. Since sun radiation is the single important source of atmospheric 
heat, its distribution over the earth is of outstanding significance in 
understanding weather and climatic phenomena and more especially 
those associated with temperature. Certainly the sun, or insolation, 
is the single greatest control of climate. 

36. Major Factors Determining the Amount of Solar Radia¬ 
tion Received at Any Portion of the Earth’s Surface. In order 
to simplify the problem of insolation distribution, imagine for the 
moment that the absorbing and reflecting effects of the earth’s atmos¬ 
pheric layers do not exist. Under that condition the amount of solar 
energy that any portion of the earth’s surface receives will depend 
primarily upon two factors; (a) the angle at which the rays of sunlight 
reach the earth and (6) the duration of solar radiation^ or length of day. 
Because an oblique solar ray is spread out over a larger surface than a 
vertical one it delivers less energy per unit area (Fig. 12). Moreover, 
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although for the moment the effects of an atmosphere are being 
omitted, it may be added that an oblique ray also passes through a 
considerably thicker layer of scattering, absorbing, and reflecting air. 
Winter sunlight, therefore, is much weaker than that of summer, 
since in late December the noon sun at Madison, Wis., located at 
43°N., is only 23^° above the horizon, whereas in late June it has an 

elevation of 70^°. As re¬ 
gards the second item, it 
would seem to require no 
further explanation of the 
fact that the longer the sun 
shines (length of day) the 
greater the amount of solar 
energy received, all other 
conditions being equal. 
Thus the longest summer 
days (15+ hr.) in the lati¬ 
tude of southern Wisconsin, 
which have 6+ hr. more of 
daylight than the shortest 
winter days (9— hr.), allow 
for much greater receipts 



Fig. 12.—The oblique ray (.4) delivers less 
energy at the earth’s surface than the vertical ray 
(B) because it passes through a thicker layer of 
absorbing and reflecting atmosphere and likewise 
because its energy is spread over a greater area. 


of solar energy (Figs. 13, 14). It is quite understandable, then, why in 
these latitudes summer temperatures are so much higher than winter 
temperatures, since (a) sun’s rays are less oblique, and (h) days are 
much longer in summer. 


Length of the Longest Day (Hence also of the Longest Night) at 

Certain Latitudes 

Latitude 0° 17° 41° 49° 63° 66|° 67°21' 69°5l' 78°H' 90° 
Duration 12 hr. 13 hr. 15 hr. 16 hr. 20 hr. 24 hr. 1 mo. 2 mo. 4 mo. 6 mo. 

Since length of day and angle of the sun’s rays are equal on all 
parts of the same parallel, it follows that all places on a parallel (save 
for differences in the transparency of the atmosphere) receive the same 
amount of solar energy. By the same reasoning, different parallels 
or latitudes receive varying amounts of insolation, there being a 
decrease from equator to poles for the year as a whole. If insolation 
were the only control of atmospheric phenomena, then all places in 
the same latitude should have identical climates. Although certainly 
not identical throughout, the strong climatic resemblances within 
latitude belts testify to the dominant, although not exclusive, rank of 
sun control. 
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Fig. 13.- —At the time of the summer soLstiee, days are more than 2 hr. longer 
in northernmost l^nite<l States than they are in the extreme south. Length of day 
increases with latitude until north of the Arctic Circle the sun on June 21 does not set 


and the day is 24 hr. long. {After Kincer.) 



Fig. 14.—At the time of the winter solstice, days are about 2 hr. shorter in 
nurtherninost United States than they are in the extreme south. Length of day decreases 
with latitude until north of the Arrtic Circle the sun on Dec. 22 does not rise above 
the horizon. {After Kincer,) 
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87. Earth and Sun Relations. The rotation and revolution of the 
earth and the inclination and parallelism of its axis have been discussed in 
an earlier chapter (II). It remains to be analyzed, then, how these earth 
motions and positions act to produce the changing lengths of day and vary¬ 
ing angles of the sun’s rays, which in turn are the causes of the seasons. 


DEC. 22—WINTER SOLSTICE JUNE 21 —SUMMER SOLSTICE 

(no. hem.) OF DAY AT EVERY 10* OF LATITUDE 

11 ^ ^ IS STATED IN HOURS AND MINUTES 
• ^ ** o p>.r. 


IS STATED IN HOURS AND MINUTES 




^ ^ ^ R i 

^ ^ S I 

^ 5 ^ 


SEPT. 22—AUTUMN EQUINOX' 
MARCH 21—SPRING EQUINOX 










Fig. 15. —On the equinoxes, 
when the sun’s vertical rays are at 
the equator, the circle of illumi¬ 
nation cuts all the parallels in 
half, and days and nights are equal 
in length over the entire earth. At 
this time insolation decreases regu¬ 
larly from equator to poles. At the 
times of the solstices the sun’s ver¬ 
tical rays have reached their 
greatest poleward migration. The 
circle of illumination cuts all the 
parallels (except the equator) un¬ 
equally so that days and nights are 
unequal in length except at latitude 


88. The Equinoxes; Spring and FaU. Twice during the yearly period 
of revolution, on Mar. Q1 and Sept. 22, the sun’s noon rays are directly 
overhead or vertical at the equator (Fig. 15). At these times, therefore, the 
circle of illumination, marking the position of the tangent rays, passes 
through both poles and consequently cuts all the earth’s parallels exactly 
in half. One half of each parallel (180®) consequently is in light, and the other 
half in darkness. For this reason, since the path described by any point on 
the earth’s surface during the period of rotation is coincident with its 
parallel of latitude, days and nights are equal (12 hr. each) over the entire 
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earth. From this fact the two dates Mar. 21 and Sept. 22 get their names, 
the equinoxes (spring equinox Mar. 21, autumn equinox Sept. 22—Northern 
Hemisphere). At these seasons the maximum solar energy is being received 
at the equator, a latitude from which it diminishes regularly toward either 
pole, where it becomes zero 

39. The Solstices; Summer and. Winter. On June 21 the earth is approxi¬ 
mately midway in its orbit between the equinoctial positions, and the North 
Pole is inclined 23 touyard the sun (Fig. 15). As a result of the axial in¬ 
clination, the sun’s rays are shifted northward by that same amount (23J°), 
so that the noon rays are vertical at the Tropic of Cancer (23|^°N.), and the 
tangent rays in tlie Northern Hemisphere pass over the pole and reach the 
Arctic Circle (GO^^N.), 23|° on the opposite side of it. In the Southern 
Hemisphere the tangent rays do not reach the pole but terminate at the 
Antarctic Circle, 23^° short of it. Thus while all parts of the earth north of 
the Arctic Circle are experiencing constant daylight, similar latitudes in the 
Southern Hemisphere (poleward from the Antarctic Circle) are entirely 
without sunlight. At this time, June 21, or the summer solstice^ all parallels, 
except the equator, are cut unequally by the circle of illumination, those in 
the Northern Hemisphere having the larger parts of their circumferences 
toward the sun so that days are longer than nights. Longer days, plus 
a greater angle of the siui's rays, result in a maximum receipt of solar 
energy in the Northern Hemisphere at this time. Summer, with its associ¬ 
ated high temperatures, is the result, and north of the equator June 21 is 
known as the summer solstice. In the Southern Hemisphere at this same 
time, all these conditions are reversed, nights being longer than days 
and the sun’s rays relatively oblique, so that solar radiation is at a minimum 
and winter conditions prevail. 

On Dec. 21, when the earth is in the opposite position in its orbit from 
what it was on June 21, it is the South Pole that is inclined 23|® toward the 
sun (Fig. 15). The latter’s noon rays are then vertical over the Tropic of 
Capricorn (23§°S.), and the tangent rays pass 23-J® over the South Pole 
to the Antarctic Circle (66i°S.). Consequently south of 66^®S. there is 
constant light, while north of 66J®N. there is a continuous absence of sun¬ 
light. All parallels of the earth, except the equator, are cut unequally by the 
circle of illumination, with days longer and sun’s rays more nearly vertical 
in the Southern Hemisphere. This, therefore, is summer south of the equator 
but winter in the Northern Hemisphere (winter solstice), where opposite 
conditions prevail. 

40. Distribution of Solar Radiation at the Earth’s Surface. 
Effects of an Atmosphere Omitted. It is clear from the previous discussion 
that the belt of maximum insolation swings back and forth across the equa¬ 
tor during the course of a year, following the shifting rays of the sun, with 
the two variables, (a) angle of sim’s rays and (6) length of day, largely 
determining the amount of solar energy received at any time or place. 

41. Distribution from Pole to Pole along a Meridian. For the year as a 
whole as well as on two specific dates, the spring and autumnal equinoxes^ 
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insolation is highest at the equator and diminishes with regularity toward 
the poles (table below). 

Total Annual Insolation for Various Latitudes Expressed in Thermal 
Days (Effects of an atmosphere omitted) 

(The Unit, or Thermal Day, Is the Average Total Daily Insolation at the 

Equator) 


Latitude 

Thermal Days 

0° 

365.2 

10^ 

360.2 

o 

O 

345.2 

o 

o 

CO 

321.0 

40° 

288.5 

50° 

249.7 

60° 

207.8 

o 

o 

173.0 

80° 

156.6 

90° 

151.6 


At the time of the summer solstice, June 21, although the noon rays of 
the sun are vertical only 23^° north of the equator, the increasing length of 
day in the higher latitudes tends to offset the declining angle of the sun's 
rays poleward from the Tropic of Cancer, so that, if the effects of an 
atmosphere are omitted, insolation will reach a maximum at the North 
Pole. Even with the absorptive effects of an atmosphere taken into con> 
sideration, the latitude receiving the maximum insolation is still well pole- 
ward of the tropic, although not at the pole, while latitude 60° receives 
more than does the equator. These facts of insolation distribution help to 
explain the warm summers of parts of the middle latitudes. It is clear also 
that during the course of a year there is a marked latitudinal migration of 
the belt of strong insolation. 

42. Annual Distribution for Various Latitudes, The yearly insolation 
curves for the several latitudes can be arranged in three general groups 
(Fig. 16): (a) The equatorial type, which prevails between about latitudes 
20®N. and 20®S., has two maxima and two minima and oi no time reaches 
zero, (b) The middle-latitude type has one maximum and one minimum and 
likewise does not reach zero at any time, (c) The polar type, i.e., poleward 
from the Arctic and Antarctic Circles, has one maximum and one minimum 
bid does reach zero, for during a portion of the year there is a total absence 
of direct sunlight. 

43. Effects of an Atmosphere upon Insolation, Thus far the whole 
problem of insolation distribution has been greatly simplified by assuming 
that solar radiation is received at the earth’s surface without passing 
through an atmosphere. When that gaseous envelope is added, numerous 
modifications and complications result. Chief among these is a weakening of 
insolation at the earth’s surface due to (a) selective scattering, chiefly of the 
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short wave lengths of blue light by very small obscuring particles (molecules 
of air, fine dust) ; (b) diffuse reflection of all wave lengths by larger particles 
(dust, cloud droplets); and (c) absorption of selected wave lengths, chiefly the 
longer ones, by water vapor and in a very minor degree by oxygen and 
ozone (see solid lines in Fig. 16). A part of that energy which is scattered 
and reflected is sent back into space and is lost to the earth. Some of it, 
however, reaches the earth’s surface in the form of diffuse blue light of the 
sky, called diffuse daylight, and is transformed into heat and other forms of 
energy. It is this diffuse daylight which prevents absolute darkness on 
cloudy days, indoors, or in the shade where direct sunlight is absent. The 
energy transmitted to the earth in this form probably amounts to one- 
quarter of the energy of direct sunlight. 
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Fig. 16. 


The amount of depletion of insolation by reflection and absorption 
in passing through the atmosphere depends upon (a) the length of the 
passage, or, in other words, the angle of the sun’s rays; and {b) the 
transparency of tlie atmosphere. The former factor can be arrived at mathe¬ 
matically, but the second is variable according to time and place. It is 
estimated that 42 per cent of the total insolation reaching the outer limits 
of tlie air layer is lost by scattering and reflection from clouds, small dust 
particles, molecules of air, and the earth’s surface and so has no part in 
heating either the earth or its atmosphere. Fifteen per cent is absorbed 
directly by the atmosphere, most of it by water vapor. The remaining 43 
per cent reaches the earth’s surface either as direct sunlight or as diffuse 
daylight, is absorbed by it, heats it, and eventually heats the atmosphere as 
well. From the preceding analysis it is obvious that only some 58 per cent 
of the solar radiation (15 per cent absorbed by the atmosphere directly and 













40 THE PHYSICAL ELEMENTS OP GEOGRAPHY 


43 per cent absorbed by the earth’s surface) is available for heating the 
atmosphere. 

Absorption of Insolation at the Earth’s Surface; Processes 
Associated with the Heating and Cooling of the 
Earth’s Surface and Atmosphere 

Heating and Cooling of Land and Water Surfaces 

44. Land and Water Contrasts. Thus far the discussion has 
been concerned largely with distribution of solar energy, the single 
important source of atmospheric heat. But sun energy is of such short 
wave lengths that only relatively small amounts (15 per cent) of it can 
be absorbed directly by the earth’s atmosphere. All bodies whatever 
their temperature give off radiation. The hotter the body the more 
intense the radiation and the shorter the wave lengths. Low-tempera- 
ture long-wave radiation like that of the earth is invisible, whereas 
much of the sun’s high-temperature short-wave radiation is visible. 
In order to be readily absorbed by the air sun energy first must be 
converted into terrestrial energy, which is composed of longer wave 
lengths. (Ratio of w^ave lengths of solar and terrestrial energy is 
roughly 1:25.) This conversion from short-wave solar to long-wave 
terrestrial energy takes place principally at the earth’s surface, by 
which insolation is much more readily absorbed than it is by the 
relatively transparent atmosphere. Absorbed at the earth’s surface, 
the solar energy is there converted into heat, after which the earth 
itself becomes a radiating body. Thus the atmos[)here receives most of 
its heat only indirectly from the sun but directly from the earth’s 
surface, which in turn had previously absorbed and consequently been 
warmed by solar energy. It is obvious, therefore, that preliminary to a 
discussion of heating and cooling the atmosphere, it is necessary to 
understand the comparative reactions to solar energy (in terms of 
reflection,^ absorption, transmission) of the various kinds of terrestrial 
surfaces. Here the greatest contrasts are between land and water 

^ It is a common misconception that water is a much better reflector of insolation 
than are land surfaces. Recent investigations seem to indicate that instead of being a 
better reflector, water actually may be less eflficient than land. Unfortunately the pub¬ 
lished data by different investigators of the problem are not entirely in agreement so 
that simple and direct comparisons are made more diflScult. A fair estimate for the 
average amount of insolation reflected by the great variety of land surfaces is 10 to 15 
per cent. For a water surface the estimates vary between 8 and 20 per cent. Based 
exclusively upon the comparative amounts of insolation lost by reflection, therefore, 
it appears that there is no great difference in the heating and cooling of land and water 
surfaces. 
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surfaces, although, to be sure, there are no fixed values for all land 
areas, because of such variables as snow cover, soil color, vegetation 
cover, and others. 

The most striking contrasts between land and water areas, relative 
to their reactions to isolation, may be summarized as follows: 

45. Movement and Mixing, Since water is a fluid, its movements in 
the form of waves, drifts, currents, and tides tend to distribute the absorbed 
solar energy throughout the whole mass. Moreover, when a water surface 
begins to cool, convectional currents are set up, the cooler, heavier surface 
layers sinking and being replaced by warmer water from underneath. 
Consequently the whole mass of water must be cooled before the surface 
layers can be brought to a low temperature. As a result, a larger mass of 
water (as compared with land) imparts its heat to the surrounding air, and 
the supply of heat is maintained for a longer period of time. It is largely 
because the upper layers of the ocean are always in a state of violent 
stirring, witli the heat gains and losses at the surface thereby being distrib¬ 
uted throughout large volumes of water, that the surface temperatures 
of water bodies cliange relatively little between day and night or between 
winter and summer. Over lands, on the other hand, where there can be no 
turbulence or mixing, diurnal and seasonal surface-temperature fluctuations 
are much more striking. 

46. Trammission, Since water is relatively transparent to insolation, 
the sun’s rays penetrate to considerable depths so that their energy is 
distributed throughout a larger mass. On the other hand, the relatively 
opaque land concentrates the solar energy close to the surface, which 
results in more rapid and intense heating. This same concentration of 
energy close to the surface likewise permits the land area to cool more 
rapidly than is true of the more deeply warmed water body. 

47. Specific Heat. For a given volume of dry ground and water, 
approximately five times as much energy is recpiired to raise the temper¬ 
ature of the water, say, 1° as to raise the temperature of the dry ground by 
the same amount. This relationship is expressed by saying that the specific 
heat of water is higher than that of land, which causes the water to heat 
(and cool) more slowly. 

48. Summary of Land and Water Contrasts, From the above 
comparisons of land and water as regards their reactions to insolation, 
it becomes evident that, with the same amount of solar energy falling 
upon each, a land surface will reach a higher temperature, and reach 
it more quickly, than a water surface. Conversely, a land surface also 
cools more rapidly. Land-controlled, or continental, climates, therefore, 
should be characterized by large daily and seasonal extremes of temper¬ 
ature, whereas ocean-controlled, or marine, climates should be more 
moderate. The ocean surface probably changes temperatures not more 
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than 1° between day and night, and seasonal changes also are very 
small. The relatively slower heating and cooling of water bodies 
quite naturally lead to a lag in the seasonal temperatures of marine 
climates. 

Heating and Cooling the Atmosphere 

49. Being acquainted now, as a result of the previous discussion, 
with (a) the distribution of solar energy over the earth and (6) the 
contrasting reactions of land and water surfaces to this solar energy, 
and (c) being aware that the air receives most of its energy directly 
from the surface upon which it rests and only indirectly from the sun, 
the background is sufficient to proceed w^ith an analysis of the processes 
involved in heating and cooling the atmosphere. 

50. Heating Processes. Absorption of Direct and Reflected Inso- 
lation. The earth's atmosphere is relatively transparent to direct and 
reflected solar radiation, which is short-wave energy, only about 15 
per cent being absorbed, and that chiefly by small amounts of w^ater 
vapor. About one-half of this absorption takes place in the lower two 
kilometers of air, but this is a large mass of air through which to sprearl 

per cent of the solar radiation. The process is not very effective 
therefore in producing the normal daytime rise in temperature close 
to the earth's surface. Evidence of this is suggested by the fact that 
often on a clear winter day, when the land surface is blanketed by a 
reflecting snow cover, air temperatures may remain extremely low in 
spite of a bright sun. At the same time, on the south side of an absorb¬ 
ing brick wall or building, where short-wave sun energy is being 
converted into long-wave terrestrial energy, it may be comfortably 
warm. Dust, an impurity in the air, readily absorbs insolation, each 
particle thereby becoming a tiny focus for radiated terrestrial energy. 

51. Conduction, When two bodies of unequal temperature are in 
contact with one another, energy in the form of heat passes from the 
warmer to the colder object until they both attain the same tempera¬ 
ture. Thus, during the daylight hours, the solid earth (without a snow 
cover), being a much better absorber of insolation than air, attains a 
higher temperature. By conduction, therefore, the layer of air resting 
upon the warmer earth becomes heated. But air is a poor conductor, so 
that heat from the warmed lower layer is transferred very slowly to 
those above. Unless there is, through movement, a constant replace¬ 
ment of the warmed layer in contact with the earth, only the lower 
few feet will be heated by this process during the course of a day. 
Through air currents and winds, however, large masses of air are 
brought into contact with the heated earth’s surface and consequently 
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are warmed. Heating by conduction is primarily a daytime and a 
summer process. 

Just as a warm earth on a summer day heats the air layer next to 
it by conduction, so a cold earth, chilled by terrestrial radiation on a 
winter night, has exactly the opposite effect. It not infrequently 
happens that, during clear, calm, winter niglits, as a result of radiation 
and conduction, the atmospheric strata adjacent to the earth become 
colder than those at some distance above its surface (59). 

52. Radiation. Short-wave solar energy, absorbed at the earth’s 
surface, is there transformed into heat. Through this absorption and 
conversion of insolation, the heated earth becomes a radiating body. 
But although the atmosphere is capable of absorbing only relatively 
small amounts (15 per cent) of short-w^ave incoming solar energy, it 
is, on the other hand, able to retain 75 ± per cent of the outgoing 
long-wave earth radiation. As stated before, water vapor is the 
principal absorbing gas. This absorptive effect of water vapor upon 
outgoing earth radiation is illustrated by the rapid night cooling in 
deserts, the dry air and clear sky permitting a more rapid escape of 
energy. Obviously the eff ect of the atmosphere is analogous to that of 
a pane of glass, which lets through most of the incoming short-wave 
solar energy but greatly retards the outgoing long-w^ave earth radia¬ 
tion, thus maintaining surface temperatures considerably higher than 
they otherwise would be. This is the so-called greenhouse effect of the 
earth's atmosphere. 

Radiation of terrestrial energy from the earth’s surface upward 
toward space is a continuous process. During the daylight hours up 
to about inidafternoon, however, receipts of energy from the sun are 
in excess of the amount radiated from the earth, with the result that 
surface-air temperatures usually continue to rise until tw'o to four 
o’clock in the afternoon. But during the night, w^hen receipts of solar 
energy cease, a continued loss of energy through earth radiation results 
in a cooling of the earth’s surface and a consequent drop in air tem¬ 
perature. Being a better radiator than air, the ground during the night 
becomes cooler than the air above it. When this condition prevails, 
the lower layers of atmosphere lose heat by radiation to the colder 
ground as well as upward toward space. This process is particularly 
effective during the long nights of winter when, if the skies are clear 
and the air is dry and calm, excessively rapid and long-continued 
radiation takes place. If a snow cover mantles the ground, cooling is 
even more pronounced, for not only is most of the incoming solar 
radiation during the short day reflected, but at night, the snow, which 
is a very poor conductor of heat, allows little to come up from the 
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ground below to replenish that lost by radiation. As a result, the snow 
surface becomes excessively cold, and then in turn the air layer resting 
upon it. 

Water, like land, is a good radiator, but the cooled surface waters 
keep constantly sinking to be replaced by warmer currents from 
below. Extremely low temperatures over water bodies are impossible, 
therefore, until they are frozen over, after which they act like a 
snow-covered land surface. Humid air or a cloudy sky tends to prevent 
rapid earth radiation so that air temperatures remain higher, and 
frosts are less likely on humid nights and especially when a cloud 
cover prevails. There are authentic cases, in the dry air and under the 
cloudless skies of Sahara, of day temperatures of 90® followed by night 
temperatures slightly below freezing. When clouds cover the sky all 
the earth radiation is completely absorbed at the base of the cloud 
sheet, which in turn reradiates a part of it back to the earth so that 
cooling of the earth is retarded. Under a sky with low clouds the net 
loss of heat from the ground is only about one-seventh the loss with 
clear skies. Water vapor likewise absorbs and reradiates outgoing 
terrestrial energy but not so effectively as cloud particles. 

Through the first three heating processes described above (50, 51, 
52) there is actually an addition of energy to the atmosphere. Through 
the three processes the description of which follows (53, 54, 55) there is 
no addition of energy but only a transfer from one place to another, or 
from one air mass to another, of that which already has been acqtiired. 

53. Convectional Currents. The surface air, after being heated by 
conduction and radiation, expands in volume and consequently 



Fig. 17.—Representation of a convec¬ 
tional circulation. 


decreases in density. Because of 
expansion, a portion of the warmer, 
lighter column of air overflows 
aloft, thereby decreasing its own 
pressure at the surface and at the 
same time increasing that of the 
adjacent cooler air. This causes a 
lifting of the warmer, lighter air 
column by the heavier, cooler, set¬ 
tling air that flows in at the surface 


to displace it. Such a circulation, as described above and illustrated in 


Fig. 17, is called a convectional system. Warm surface air, expanded, 


and therefore less dense, is like a cork that is held under water; i.e., 


it is unstable and inclined to rise. This convectional principle (which 


applies to liquids and gases only) is employed in the ordinary hot-air 
and hot-water heating systems. The rising masses of warmed air on a 
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hot summer day make air transport relatively bumpy, since the plane 
alternately crosses rising and sinking air masses. While heating 
processes 2 (conduction) and 3 (radiation) are especially effective in 
heating the lower layers of atmosphere, convection, on the other hand, 
is capable of carrying terrestrial heat to the upper air strata as well. 
It, too, is primarily a daytime and a summer process. 

54. Importation by Air Masses and Winds. Even the layman has 
come to recognize that in Northern Hemisphere middle latitudes a 
south wind is usually associated with unseasonably high temperatures. 
In such a case the wind acts simply as the conveyor or importer of 
heat from low^er latitudes where higher temperatures are normal. 
Such an importation of southerly warmth in winter results in mild 
weather, with mealing snow and sloppy streets. In summer, several 
days of south wind may result in a “hot wave” with maximum 
temperatures of over 90°. 

If tropical air masses with associated south winds from regions 
that are usually warmer (Northern Hemisphere) import higher 
temperatures to the regions toward which they blow, then polar air 
masses with associated north^winds from colder, higher latitudes, or 
from the cold interiors of continents, should in turn bring lower 
temperatures. These importations are particularly effective where 
there are no mountain barriers to block the wind movement. In 
eastern North America where lowlands prevail, great masses of cold 
polar air periodically pour down over the Mississippi Valley, occasion¬ 
ally carrying severe frosts even to the Gulf States. 

55. Heating by Compression and Cooling by Expansion. When a 
mass of air descends from higher to lower altitudes, as, for instance, 
when it moves down a mountain slope, it is being transferred from 
regions of lower atmospheric pressure to those where it is higher. 
Because there is an increasingly thicker layer of air pressing down upon 
it as lower altitudes are attained, the descending mass of air gradually 
is being compressed in volume. Work is being done upon it, and as a 
result of compression its temperature is increased. 

Just as descending air heats as a residt of compression, so rising air 
cools as a result of expansion. In the latter case the upward current is 
traveling from a lower altitude where atmospheric pressure is greater 
to a higher altitude where pressure is less. As a consequence, the rising 
air continues to expand as the weight of atmosphere upon it becomes 
less. Work is done in pushing aside other air in order to make room for 
itself. This work done by the rising and expanding air consumes 
energy, which is subtracted from the ascending currents in the form of 
heat, resulting in a lowering of their temperature. 
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56. Heat Balance in the Atmosphere, Since the mean temperature 
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Fig. 19.—Daily march of temperature (A and B) and of insolation (C) on clear days 
in winter and summer at Madison, Wis. The total solar energy received was 3} times 
as great on June 23 as on Dec. 22. Note that temperature lags behind insolation. South 
winds prevented normal night cooling on Dec. 22. 

whereas poleward from latitude 37® exactly the reverse is true. Unless 
there is to be a constant increase in the temperatures of low latitudes 
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and a constant decrease in the temperatures of the middle and higher 
latitudes, this situation requires a continuous transfer of energy from 
low to high latitudes of the earth. This transfer is accomplished by 

the winds of the earth. In __ 
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tinues to rise (Figs. 18, 19). Conversely, from about 3:00± p.m. to sunrise, 
when loss by terrestrial radiation exceeds receipts of solar energy, the daily 
temperature curve usually falls. 

The annual march, or cycle, of temperature reflects the daily increase in 
insolation (hence heat accumulated in the air and ground) from mid¬ 
winter to midsummer and the decrease in the same from midsummer to mid¬ 
winter (Fig. 20). Usually there is a temperature lag of 30 to 40 days after the 
periods of maximum or minimum insolation. This reflects the balance 
between incoming and outgoing energy. 
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Distribution of Temperature: Vertical and Horizontal 

Vertical Distribution of Temperature 

58. Temperature Decreases with Altitude. Numerous tem¬ 
perature observations made during mountain, balloon, airplane, and 
kite ascents show that under normal conditions there is a general 
decrease in temperature with increasing elevation. Although the rate of 
decrease is not uniform, varying with time of day, season, and location, 
the average is approximately 3.3®F. for each 1,000-ft. rise (Fig. ^\B), 
The fact that air temperature is normally highest at low elevations 
next to the earth and decreases with altitude clearly indicates that 



Fig. 21. 

atmospheric heat is received primarily directly from the earth’s surface 
and only indirectly froni the sun. But the lower air is warmer, not only 
because it is closest to the direct source of heat, but also because it is 
denser and contains more water vapor and dust, which cause it to be a 
more efficient absorber of terrestrial radiation than is the thinner, 
drier, cleaner air aloft. Two exceptions to this general rule of decreasing 
temperature with increasing altitude are (a) the stratosphere and (6) 
conditions of temperature inversion. 

Above an elevation of approximately 10 miles at the equator, 6 
miles in latitudes 45 to 50®, and 4 miles at the poles, the normal 
decrease in temperature halts abruptly and thermal conditions remain 
relatively constant for another miles or more. It is possible, then, 
to think of the earth’s atmosphere as composed of two shells, or layers. 
The higher, or outer, shell, in which temperature remains much the 
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same throughout, is known as the stratosphere. In it temperatures are 
very low, clouds are absent, dust and water vapor are at a minimum, 
convectional currents are lacking, and all air movement is horizontal. 
Below the stratosphere is the turbulent, dusty layer known as the 
troposphere, which contains much water vai)or and also clouds and in 
which temperature decreases with increasing altitude. 

59. Inversions of Temperature. Although the normal vertical 
temperature gradient (lapse rate) shows a decrease in temperature 
with altitude up to the bottom of the stratosphere, it frequently 
happens on clear, calm, nights, especially in the cooler seasons, and 
when the ground is snow covered, that the air close to the earth be¬ 
comes colder than that at higher altitudes. Under this arrangement, 
with the coldest air next to the earth, the normal situation is reversed, 
and a temperature inversion is said to exist (Fig. 2U1). This condition 
is dej)enderit upon a cold land surface which is chilled as a result of 
rajiid nocturnal cooling by radiation. Ideal conditions for temperature 
inversion are (a) long nights, as in winter, so that there will be a 
relatively long period when outgoing earth radiation exceeds incoming 
solar radiation; (5) a clear sky so that loss of heat by terrestrial radia¬ 
tion is rapid and imretarded; (c) cold dry air that absorbs little earth 
radiation; (d) calm air so that little mixing shall take place, and the 
surface stratum will, as a consequence, have time, by conduction and 
radiation, to become excessively cold; and (e) a snow-covered surface, 
which, owing to reflection of solar energy, heats little by day and, 
being a poor conductor, retards the uy)ward flow of heat from the 
ground below. At the Eiffel Tower in Paris there is, throughout the 
year, an increase in temperature upward from the base to top between 
midnight and 4:00 a.m. Strong surface inversions make the landing of 
an airplane difficult, for the added lift exerted by the dense cold air 
near the ground may make it difficult for the pilot to penetrate the 
inversion. A very close relationship exists between temperature inver¬ 
sions and frost phenomena, since conditions favorable for the one are 
also ideal for the other. Although temperature inversions are common 
on flattish land surfaces, they are, nevertheless, more perfectly devel¬ 
oped in depressions. 

60. Air Drainage, In regions of uneven surface configuration, the 
cold stratum of air next to the earth’s surface, because of its greater 
density, slips off the uplands and flows down to surrounding low¬ 
lands (Pig. 22). This phenomenon of the cold air, drained from the 
adjacent slopes, collecting in valleys and lowlands is designated as air 
drainage. It is a well-known fact that the first frosts of autumn and the 
last in spring occur in bottomlands, while the lowest minima on calm, 
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clear, winter nights are found in similar locations. On one occasion, dur¬ 
ing a cold spell, a temperature of —8.9° was registered on top of Mount 
Washington, N. H., while records of — £3 to —31° were recorded in 
the surrounding lowlands. Citrus orchards in California, which are 
quite intolerant of frost, arc located on the upper slopes of alluvial 
fans where air drainage causes a slipping off of the frosty air, while 
the colder lower slopes and bottoms are given over to hardier deciduous 

fruits and nuts or to field crops. Cof¬ 
fee in Brazil is prevailingly planted 
on the rolling uplands, while the 
frosty valleys are avoided. llesorL 
hotels in the Swiss Alps shun the 
cold, foggy valleys and choose instead 
sites on the brighter and warmer 
sloi)es. So definite and sharp is the 
autumn frost line along certain of 
the valley slopes in the Blue Ridg(‘ 
Mountains that one can trace it 
by means of the color line between 
the darkened, frozen vegetation below and the brighter, living green 
of that above. At times the lower part of a bush may be frozen while 
the top is untouched. 

On clear, cold nights when air drainage and temperature inversions 
are prevalent the atmosphere is very stable. The heaviest air is at the 
lowest elevation, where, on the basis of density, it should be. There is 
no inclination for it to rise. This is quite opposite to the unstable 
condition of the atmosphere on a hot summer day, when the heated 
and expanded air near the earth's surface is like a cork held under 
water. 

61. Frost and Frost Protection. The term “frost” may be 
applied either (a) to the white deposit of condensed water vapor in 
solid form (hoarfrost) or (b) to a temperature of 3£° or below, even 
though there is no deposit of white frost. There are frosts of various 
degrees of severity, but it is the “killing frost,” which may be defined 
as a temperature condition “of sufficient severity to be generally 
destructive to the staple products of the locality,” that is of principal 
interest to geographers. When it is difficult by direct observation of 
destructive effects to determine the dates of the first killing frost in 
autumn and the last in spring, and thereby the length of the frost-free, 
or growing, season, the first and last dates on which a minimum tem¬ 
perature of 3£° was recorded are accepted. Throughout most of the 
middle latitudes frosts are of chief significance in autumn and spring, 



Fig. 22.--(\)ld air, because it is 
denser, tends to settle into the valley 
bottoms. For this reason frost is more 
prevalent in low places than it is on 
adjacent slopes. 
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although in subtropical latitudes, such as California and Florida, 
midwinter frosts are critical because of the active growth of sensitive 
crops during that season (Fig. 23). On the poleward margins of the 
intermediate zones, on the other hand, in such regions as northern 
Canada and northern Eurasia, summer frosts not infrequently do 
serious damage to cereal crops. In tropical lowlands freezing tempera¬ 
tures are entirely absent. 

62. Conditions Favorable for Frost Ideal conditions for the occur¬ 
rence of frost are those that are conducive to rapid and prolonged 



Fig. 128 . —The average length of the growing season, i.e.y the number of days between 
the last killing frost in spring and the first killing frost in fall, throughout the United 
States is shown on the above map. Figures indicate number of frost-free days. (After 
rnap by U. S. Weather Bureau.) 

surface cooling, viz., (a) a preliminary importation of a mass of chilly 
]K)lar air, (6) followed by clear, dry, calm nights, during which the 
surface air, by radiation and conduction, may be reduced below 
freezing. The original importation provides the necessary mass of 
cool air, the temperature of which is already relatively low, although 
still somewhat above freezing, while further rapid loss of heat by earth 
radiation during the following clear night is all that is necessary to 
reduce the temperature of the surface air below freezing. But even 
though the generally favorable conditions for frost occurrence described 
above may prevail over extensive areas, the destructive effects very 
often are local and patchy. This is a matter chiefly of surface configura¬ 
tion and air drainage (60). 
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63. Frost Protection. The problem of artificial protection from 
frost is of genuine significance only in regions of highly sensitive and 
valuable crops which occupy restricted areas. It is obviously quite 
impossible to protect such extensively grown crops as corn or small 
grains, even when Weather Bureau warnings are issued 12 to 24 hr. 
in advance of the anticipated freeze. The highly valuable citrus groves 
of California and Florida, how^ever, occupying only restricted areas, 
present a somewhat different problem. For small-scale vegetable 
gardeners or fruit growers the simplest and most effective means of 
frost protection is to spread over the crop some non metallic covering 
such as paper, straw, or cloth, thereby intercepting the heat being 
radiated from the ground and plants. The purpose of the cover, quite 
obviously, is not to keep the cold out but to keep the heat in. This 
inexpensive type of frost protection is the one resorted to by the house¬ 
wife in saving her garden plants from freezing. It is not so well suited 
to the protection of extensive orchard areas, however. 

In California and Florida the huge losses in the citrus areas resulting 
from an occasional killing frost have inspired the most careful and 
sustained experimentation in frost-fighting methods. The ‘‘Great 
Freeze” of Jan. 19, 1922, in California resulted in a total citrus loss of 
$50,000,000. A considerable number of protective devices, most of 
them of little or no practical value, have been constructed and tried 
out in the citrus groves. The orchard heater, consisting of a sheet- 
metal cylinder containing about a gallon of crude oil, is today, how¬ 
ever, the only practical means known of obtaining complete protection 
from low temperatures in orchards. Smudging has proved ineffective. 
In the cranberry areas of Wisconsin and New England, the bogs are 
usually flooded if killing frost seems probable. The water surface 
created by flooding cools more slowly than a land surface and thereby 
essens the frost hazard. Moreover, a protective cover of light fog is 
likely to develop over the flooded fields. 

Horizontal Distribution of Temperature 

64. Isothermal Maps. Temperature distribution over the earth 
is shown on Figs 24, 25, and Plate I by means of isotherms, i.e., lines 
connecting places of the same temperature. Thus all points on the 
earth’s surface through which any one isotherm passes have identical 
average temperatures. It would be entirely feasible to cover the world 
map with figures representing the temperatures of hundreds of stations, 
but such a map would be very cumbersome to use. Without scrutinizing 
each figure it would be difficult to determine, for instance, the regions 
of highest or lowest temperatures. But if lines are drawn on such a 
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map connecting places of the same average temperature, then one 
can see at a glance many of the significant facts of thermal distribution. 
On Figs 24 and 25 all temperatures have been reduced to sea level 
so that the effects of altitude are eliminated. If this were not done, the 
complications and details induced by mountains and other lesser relief 
forms would render the maps so confusing that the general world-wide 
effects of latitude and of land-and-water distril)ution would be difficult 
to perceive. These maps of sea-level isotherms are not so useful to 
agriculturists, engineers, and others who desire to put their data to 
practical use as are those showing actual surface temperatures (Plate I). 
Isotherms in general trend east-west, roughly following the parallels 
(Figs. 24, 25). This is not unexpected, since, except for differences in 
the transparency of the atmosjdicre, all places in the same latitude, 
or along the same ])arallel, receive identical amounts of solar energy. 
This east-west trend of i.sotherms indicates that latitude is the single 
greatest cause of temperature contrasts. On no parallel of latitude at 
any season are temperature differences so great as between poles and 
equator. With increasing distance above the earth's surface the 
isotherms become more parallel to the latitude circles. 

65. General Features of Temperature Distribution. The highest 
average annual temperatures are in the low latitudes, where, for the 
year, the largest amounts of insolation are received, while the average 
lowest temj)eratures are in the vicinity of the poles, the regions of least 
annual insolation. Isotherms tend to be straighler ami are also more 
widely spaced in the Southern Hemisphere, the surface of which is 
more homogeneous, in this case largely water. The greatest deviations 
from east-west courses are where the isotherms pass from continents 
to oceans or vice versa. That is caused by the contrasting heating and 
cooling properties of land and water surfaces and the effects of ocean 
currents. After latitude or sun, land and water are the next greatest 
control of temperature distribution. Cool ocean currents off the coasts 
of Peru and northern Chile, southern California, and southwestern 
Africa make themselves conspicuous through the equaforward bending 
of the isotherms. Similarly, warm currents in higher latitudes cause 
isotherms to bend poleward^ this condition being most marked 
off the coast of northweAern Europe. 

66. January and July Temperatures. For the earth in general, 
January and July represent the seasonal extremes of temperature. 
Following are some of the more significant features of temperature 
distribution as shown on the seasonal maps (Figs. 24, 25, Plate I).^ 

^ The latest and probably the most reliable maps of Arctic temperatures are con¬ 
tained in **Klima des Kanadischen Archipels und Grdnlands,” Vol. II, Part K of 



THE PHYSICAL ELEMENTS OF GEOGRAPHY 


56 

(a) From a comparison of the two maps it is obvious that there is a 
marked latitudinal shifting of the isotherms between July and January, 
following the latitudinal migration of sun's rays and insolation belts. 
(h) The migrations of isotherms are much greater over eontinents 
than over oceans because of the former's greater extremes of teni})era- 
ture. (c) The liighest temperatures on both ihe January and July 
maps are over land areas, whereas the lowest tcunperatures in January 
emphatically are over Asia and North America, the largest land masses 
in the middle and higlier latitudes, (d) In the Northern TTeirusphere 
the January isotherms bend abrn])tly equatorward over the coldca- 
continents and poleward over the warmer oceans, whereas in July 
exactly the opposite conditions prev^ail. (e) No such seasonal contrasts 



Fig. 26. —Average annual ranges of temperature are smallest in low latitudes and 
over oceans. T}i(‘y are largest over land masses in middle and liigher latitudes. {Dvnoyrr s 
aemielliptical projection.) 


between land and water as exist north of the equator are to be found in 
the Southern Hemisphere, for there large land masses are absent in 
the higher middle latitudes. (/) The lowest temperature on the January 
map is over northeastern Asia, the leeward side of the largest land 
mass in higher middle* latitinhis. The next lowest temperatures are 
over Greenland and North America. 

67. Anjinal Ranges of Temperatnre. By the annual range of 
temperature is meant the clifferenee betweenJ:he average temperatures 
of the warmest and coldest months. The largest annual ranges of 
temperature are over the Northern Hemisphere continents which 
become alternately hot in summer ancl cold in winter (Fig. 26). Ranges 
are never large (a) near the equator, where insolation varies little; or 

Handbuch der Klimatologic, edited by W. Kdppen and R. (iciger. Gebriider Rorntraeger, 
Berlin, 1935. 
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(b) over largo water bodies. For the latter reason ranges are everywhere 
small in the middle latitudes of the Southern Hemisphere. In general, 
they increase toward the higher latitudes but much more markedly 
over the continents than over the oceans. 

68. Aik Templratukk and Sensible Tempehatxjre. Correct 
air teniperalure can })e obtained only })y an accurate thermometer 
properly exposed. One of the ]>rincij)ai items of correct exposure is to 
see that the instrument is not in the sun; otherwise it receives energy 
not only from the surrounding air ))ut from the absorption of insolation 
as well. It also should be ])rotected from direct radiation from the 
ground and adja(*ent buildings. 

66. Sensible temperainre refers to the sensation of temperature that 
th(^ luinian body feels, as distinguished from actual air temperature 
which is r(‘corded by a ])ropcrly exposed thermometer. ITiilikc a 
thermometer that has no temperature of its own, the human body 
is a heat (‘Ugiius generating energy at a relatively fixed rate wdien at 
rest. Anything, therefore, that affects the rate of loss of heat from the 
body aH'ects })hysical comfort. Air tempiTature, of course, is an impor¬ 
tant facdor, but so also are wind, humidity, and sunlight. Thus a 
humid, hot day is more uncomfortable than one of dry heat wdth the 
same tt*mj>eratur(‘, since loss of heat by evaporation is retarded more 
when tlie air is humid. A windy, cold day feels uncomfortable because 
the loss of heat is s])eeded up by greater evaporation. A sunny day in 
winter feeds less cold than it actually may be owing to the body’s 
absor])tion of direct insolation. Cold air containing moisture particles 
is particularly ])enetrating because the skin becomes moist, and 
evaporation results, w'hile further loss of heat results from contact 
wdth the cold water. The rate of heat loss by radiation is greater in 
dry than in humid air. Because of its .sensitiveness to factors other than 
air tem]icrature, the human body is not a very accurate thermometer. 





Chapter IV. Atmospheric Pressure 
and Winds 


70. Importance of Pressure and Winds as Climatic Elements 
AND Climatic Controls. Compared with temperature and precipita¬ 
tion, atmospheric pressure and winds are relativAdy insignificant as 
elements of* weather and climate. To be sure, winds of liigli velocity 
may he dangerous to man's crops and structures, and there are, as 
well, certain physiological reactions to strong air movement, but the 
sum total of these direct effects of wind is not of first imj)ortance. Still 
less is human life directly affected by the slight changes in air pressure 
which occur at the eartirs surface. Although imperceptible to our 
bodies, these pressure differences arc the reason for the existence of 
winds. Therefore, while not directly of first importance as climatic 
elements, both pressure and winds are indirectly of outstanding 
significance in the effects that they have uj)on temperature and jirecipi- 
tation, the two genuinely important elements of weather and climate. 
The sequence of events might be as follows: A minor change in pressure 
(of little consequence directly) acts to change the velocity and direc¬ 
tion of wind (also not of major importance directly), and this in turn 
brings about changes in temperature and precipitation, which together 
largely determine the character of weather and climate. Whether it is 
a south wind or a north wind is chiefly consequential because of the 
contrasting temperature conditions induced. An onshore wind as 
compared with an offshore one is climatically significant because of 
differences in moisture and temperature. It is chiefly as controls of 
temperature and precipitation, then, rather than as elements of weather 
and climate, that pressure and winds are worthy of attention. The 
single most important function of wind is the transportation of water vapor 
from the oceans to the lands, where that water vapor condenses and falls 
as rain. Because rainfall distribution over the earth is closely associated 
with the great pressure and wind systems, this chapter on pressure 
and winds precedes the one on moisture and precipitation. On the 
other hand, the discussion of atmospheric pressure logically follows 
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the one on temperature, because many of the significant pressure 
differences and variations are induced by temperature. 

71. Relation of Am Pressure to Temperature. A column of 
air 1 sq. in. in cross-sectional area extending from sea level to the top of 
the atmosphere weighs approximately 14.7 lb. This weight is balanced 
by a cx)lumn of mercury nearly 30 in. tall having the same cross- 
sectional area. Thus it is customary to measure air pressure in terms 
of its equivalent weight as expressed in inches of a column of mercury— 
in other words, by a mercurial barometer. On all United States weather 
maj)s issued since January, 1940, pressure readings have been in 
millibars instead of inches. (The millibar is a force equal to 1,000 
dynes per square centimeter.) One-tenth of an inch of mercury is 
approximately equal to 3.4 millibars, and sea-level atmospheric pres¬ 
sure may be expressed as 29.92 inches, 760 millimeters, or 1013.2 
millibars. 

Relatiox of J’keshuke in Inches to Pkessitre in Millibars 


Inches 

Af illibars 

/ nr lies 

MilUhars 

Inches 

Millibars 

27.00 

914.3 

29.00 

982.1 

29.92 

1,013.2 

28.00 

948 .2 

29.50 

999.0 

30.00 

1,015.9 

28.50 

OOo . 1 

29.75 

1,007.5 

30.25 

1,024.4 


But the density and weight of a given volume of air vary with 
temperature. Thus when air is heated it expands and becomes less 
dense, so that a column of warm, light air weighs less than a column 
of cold, heavy air, bedh havdng the same height and cross-sectional 
area. In central Asia in January, when air temperature is very low and 
its density therefore high, the air pressure is nearly 1 in. of mercury 
greater than it is in summer. Changes in temperature produce changes 
in air density which set up vertical and horizontal movements resulting 
in changes in air pressure. Over a warm region air is heated, expands, 
and overflows aloft to adjacent regions where temperatures are lower 
(53). As a result of this horizontal transfer the weight of the air is 
reduced in the warm region and increased in the adjacent cooler one. 
It may be accepted as a general rule, therefore, that regions with 
high temperatures are likely to have air pressures lower than those of 
other regions where temperatures are not so high. In other wordsy high 
temperature tends to produce loin pressure, and low temperature is 
conducive to high pressure. But although the ultimate cause of pressure 
differences is probably regional contrasts in temperature, it is not to 
be inferred that the aforementioned direct relationship is always 
obvious. On the contrary, there are numerous apparent exceptions. 
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Distribution of Atmospheric Pressure 

72. Vertical Distribution. Since air is v('ry compressible it 
almost goes without saying that there is a ra})i(I (l(‘crease in air weight 
or pressure with inen^asiug altitude. The lower layers ol‘ the atmosphere 
are the densest because the weight of all the layers abovt‘ rests u])on 
them. For the first few thousand feet above sea level the rate of 
pressure decrease is in the neighborhood of 1 in. or 34 millibars of 
pressure for each 900 to 1,000 ft. With higher altitudes the air rapidly 
becomes much thinner and lighter, so that at an elevation of 18,000 I't. 
one-half the atmosphere by weight is below the observer, although the 
whole air mass extends to a height of several hundred miles. The 
pressure is again halved in the next 18,000 ft., and so on. The human 
body is not physiologically adjusted to tlie low ])ressures and associated 
small oxygen content of the air at high altitudes, and nausea, faintness, 
and nosebleed often result from a too rapid ascent. Oxygen tanks are 
a part of the normal equi{)rnent of aircraft operating at high altitudes. 

73. Horizontal Distribution. Average Vonditiom. Just as 
temperature distribution is represented by isotherms, so atmospheric 
pressure distribution is represented by isobars, i.e., lines cf)nnecting 
places having the same pressure (Figs. 20, 30). On the charts lu^re 
shown, effects of elevation have been eliminated, all i)rt‘ssnr(‘ readings 
having been reduced to sea level. Figure 27 is a very diagrammatic 
sketch of the arrangement of sea-level latitudinal pressure ‘'belts’'^ as 
they might exist on an earth composed of either all land or all water. 
This arrangement is recognizable in the seasonal isoliarie charts for 
January and July (Figs. 20, 30), particularly in the Southern Hemi¬ 
sphere where oceans predominate. North of the equator, where great 
land masses and oceans alternate, the X)ressure b(4ts are so disrupted 
that they arc not always easily recogHizable. Jdie more or less ideal 
arrangement shown in Fig. 21 is likewise relatively obvious on a map of 
world pressure for April or October, months in which the disturbing 
effects of temperature contrasts between continents and oceans are 
least prominent. 

Following are the most noteworthy and characteristic features of 
average world-pressure conditions at sea level diagrammatically 
represented by Fig. 27. (a) There is an equatorial belt of low pressure 
(below 30 in.) in the general vicinity, but slightly to the north, of the 
geographic equator. It coincides rather closely with the belt of highesi 
temperature and is largely the result of those * thermal conditions. 

^ The term belt, as applied to distribution of atmospheric pressure and winds, is 
something of a misnomer but is used here for lack of a better name. 
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permanent high over the Antarctic continent and a ring of low pres¬ 
sure surrounding it are the result. In the Northern Hemisphere, on 
the other hand, no such simple arrangement is evident.^ At the North 
Pole is an ocean covered for most of the year by pack ice. Surrounding 
the Arctic Ocean are the land masses of Eurasia and North America 
with their great seasonal fluctuations of temperature and pressure, 
which in turn affect the inner polar area. During the cold seasons 
higher pressures exist over northern Eurasia and North America 
than at the pole. Tce-covered (ireenland is more the center of a perma¬ 
nent Arctic high than is the immediate polar region. The Iceland and 
Aleutian lows over the North Atlantic and North Pacific Oceans 
respectively (Fig. 27) are portions of the fragmented subpolar trough. 



Fig. 28.—A very diagrammatic repres(‘nlalion of a profile of surface pressure au<l 
wind belts as they iriighl appear on an earth with a homogeneous surface. Compare 
with Fig. 39. 


74. Profile of Average Sea-level Pressure Distribution along a Me¬ 
ridian. I'he general pressure features described above for a homo¬ 
geneous earth are made clear in the very diagrammatic representation 
(Fig. 28) of a vertical section of pressure along a meridian from pole to 
pole. The line rises from the belt of low pressure near the equator to tlu‘ 
subtropical highs at about 30 or 35°N. and S., then sinks until it reach(‘s 
the sub})olar lows in latitudes 60 to 70°, after which it rises again in the 
vicinity of the polar highs. 

75. Thermal and Dynamic (Umtrol of Average Sea-level Pressiire 
Distribution. Applying the general rule concerning the relationshiji 
between temperature and pressure (71) to the diagram below, it is 
evident that only the ecpiatorial low and the polar highs appear to 
conform. Certainly the subtropical highs are not in regions of excessive 
cold, nor are the subpolar lows in regions of unusual heat. These are 
major exceptions to direct thermal control of pressure. It may be 
suggested at this point that these two pressure features owe their 
existence and location to dynamic forces associated with earth rotation 

^ The latest maps of Arctic pressures are contained in “ Klima des Kanadischen 
Archipels und Grorilands,** op. cit. 
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rather than to thermal forces or to a compromise between the two. A 
more complete explanation, however, must be postponed until greater 
familiarity with wind systems has been attained. 

76. Isobar ft for January and July (Figs. 29, 30). The most note¬ 
worthy characteristics of pressure distribution in January and July, 
which represent the extreme seasons, are as follows: (a) Pressure 
“belts,’’ like those of temperature, migrate north with the sun’s rays 
in July and south in January, always lagging somewhat behind and 
usually not migrating so far as do the insolation belts. The latitudinal 
pressure migrations are greater over land masses than over the oceans, 
reflecting a similar situation with respect to temperature. (6) The 

SUMMER HEMISPHERE WINTER HEMISPHERE 



JULY JANUARY 


Fig. 81.—Seasonal pressure and wind systems as modified by land and water areas. 

The triangle represents a landmass. {Modified from Kendrnr and Heffner.) 

subtropical high-piressure belts are broken or fragmented into definite 
and discontinuous centers by the warm continents in summer. In 
winter, on the other hand, the cold land masses tend to strengthen 
the highs, making for greater continuity of the subtropiical belts. 
(c) The middle-latitude continents, especially North America and 
Asia, become alternately sites of semip^ermanent high- and low-p^ressure 
centers in winter and summer respectively. The adjacent oceans like¬ 
wise reverse their seasonal pressure conditions, but they are low when 
the continents are high and vice versa. These seasonal reversals of 
pressure have their origins in the temperature contrasts between land 
and water in the op)posite seasons (Figs. 24, 25, Plate I). In general, 
pressure is higher in the colder hemisphere where the air is denser. The 
extraordinarily large and deep continental low-pressure center de¬ 
veloped over Asia in July tends to wipe out the equatorial low which 
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would normally prevail to the south of that land mass. Both North 
America and Asia in winter develop such strong and extensive conti¬ 
nental highs that the normal subtropical belts of high pressure are 
merged with them and are thereby shifted 10+° too far northward. 
Like the trough of low pressure at the equator, and the polar highs, the 
seasonal lows and highs over the large middle-latitude continents are 
of direct thermal origin. As indicated in an earlier article (76), because 
of the disrupting effects of seasonal temperature contrasts over the 
great continents and oceans of the Northern Hemisphere, seasonal 
centers of low and high pressure often are more conspicuous north of the 
equator than are distinct pressure belts. In conjunction with the above 
discussion, see Fig. 61 and Art. 96. 

Relation of Winds to Pressure 

77. Pressure Gradient. Air that moves essentially })arallel io 
the earth’s surface is referred to as wind. Vertical air movements art' 
more properly designated as currents-, although the name is often 
applied to horizontal movements as well. Wind is 
usually caused by differences in air density, result¬ 
ing in horizontal differences in air pressure. It 
represents nature’s attemj)t to correct pressure 
inequalities. The rate and direction of change of 
pressure, as indicated by isobaric lines, are referred 
to as pressure gradient, or barometric slope, and it is 
this which indicates the velocity and general direc¬ 
tion of air movements. Two very fundamental 
rules concerned with the relationships existing 
between pressure and winds are as follows: (a) The 
direction of air flow is from regions of greater to 
those of less density, i.e,, from high to low pres¬ 
sure or down the barometric slope, which may be 
line drawn at right angles to the isobars (Fig. 32). 
This follows the law of gravitation and is just as natural as the well- 
known fact that water runs downhill, {h) The rate of air flow, or 
velocity of the wind, is indicated by the steepness of the pressure 
gradient or the rate of pressure change. When the gradient is steep, 
air flow is rapid, and when it is weak, the wind is likewise weak. Just 
as the velocity of a river is determined largely by the slope of the land, 
or rate of change in elevation, so the velocity of wind is determined 
largely by the barometric slope, or the rate of change in air pressure. 
One, therefore, can determine the steepness of the pressure gradient, 
and consequently the relative velocity of air movement, by noting 
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Fig. 32. —Gradi¬ 
ent is represented 
by a line drawn at 
right angles to the 
isobars. 

represented by a 
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the spacing or closeness of the isobars. Closely spaced isobars, like 
those in the vicinity of the subpolar trough in the Southern Hemisphere 
(Figs. 29, 30), indicate relatively steep gradients, or marked pressure 
differences, and under these conditions winds of high velocity prevail. 
When isobars are far apart, gradients are weak, and winds are likewise. 
Calms prevail when pressure differences over extensive areas are 
almost, or quite, nil. At such times there is nearly an absence of isobaric 
lines on the pressure map. 

ApproxIiMate Relation of Wind Velocity to Prplssure Gradient near 

London, England^ 

Difference in Pressure per Corresponding Wind Velocity, 

1.5 Nautical Miles, Inches Miles per Hour 

0.005 7.0 

0.01 9.2 

0.02 16.5 

0.03 25.2 

78. Wind Direction and Velocity. Winds are always named 
by the direction from which they come. Thus a wind from the south, 
blowing toward the north, 
is called a south wind. ^Jlie 
wind vane points foirard 
the' source of the wind and 
so in a very general way 
toward the high-pressure 
area down the barometric 
slope of which the air is 
flowing. Windward, refers 
to the direction from which 
a wind comes; leeward, that 
toward which it blows. Thus 
a windward coast is one 
along which the air is mov¬ 
ing onshore, while a lee¬ 
ward coast has winds 
offshore. When a wind 
blows more frequently from 
one direction than from 
any other it is called a prevailing wind. 

Wind direction is referred to directions on a 32-point compass 
and is expressejd in terms of letter abbreviations of the directions, by 

^ Kendrew. W. G. “Climate.” p. 73, University Press, Oxford, 1930. The nautical 
mile is 6,080 ft., or the length of 1' of a great circle. 


360* 



Fig. 33.—Here are shown the usually reported 
wind^ directions on a 32-point compass. {From 
Uaynes.) 
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the number of the compass point, or by the number of degrees east of 
north (Fig. 83), 

Wind velocity vari(.\s greatly with distance above the ground, and 
the variation is ])articularly rapi<l close to the ground. Wind is not a 
steady current but is made up of a succession of gusts and lulls of 
variable direction, (dose to the earth the gustijiess is caused by llu^ 
irregularities of the surface which create eddi(‘S. Larger irregulariti(‘s 
in the wind are caused by conve(‘lional currents. All forms of turbulenc(‘ 
of the wind are important in the process of transporting heat, moisture, 
and dust into the up])er air. 

The Heaufout Scale of AYint) Fouce with Velocity Equiv alents 


Heaufort 

(ieuvral 

N pec ijlcaf ions for 

Miles jjcr 

Number 

De.scri pfioti 

Use on Land 

Hour 

0 

Calm 

Smoke rises vertically 

J^ess than 1 

1 

Light air 

Wind direction shown by smoke 
drift but not by vanes 

1 to 8 

2 

Slight breeze 

Wind felt on face; h'aves rustle; 
ordinary vane moved ])y wind 

4 to 7 

3 

Gentle breeze 

Leaves and twigs in constant mo¬ 
tion; wind extends liglit Hag 

S to H 

4 

Moderate breezt* 

Raises dust and loose ])a])er; small 
branches are moved 

13 to 18 

5 

Fresh breeze 

Small trees in leaf begin to sway; 
crested wavelets form on inland 
water 

10 to 

i) 

Strong breeze 

Large branches in motion; whistling 
heard in telegraph wires 

25 to 31 

7 

Moderate gale 

Whole trees in motion 

3‘^ to 38 

8 

Fresh gale 

Twigs broken off trees; progress 
generally impeded 

39 to 46 

0 

Strong gale 

Slight structural damage occurs; 
chimney pots removed 

47 to 54 

10 

Whole gale 

Trees uprooted; considerable struc¬ 
tural damage 

55 to 63 

11 

Storm 

Very rarely experienced; widespread 
damage 

64 to 75 

12 

Hurricane . 

The Earth’s Wind Systems 

Above 75 


The Planetary System of Winds 

79. A Hypothetical Thekmally Controli^ed Atmospheric 
Circulation. The earth’s wind systems are complicated. For that 
reason it is deemed advisable to approach their study by an analysis 
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that proceeds from the simple to the complex and in which the several 
complications are added one at a time. 

First, let there be assumed a nonrotating planet having a homo- 
geneoua level surface (composed of cither all land or all water) and 
with the rays of solar energy vertical at the equator (Fig. 34). On 
such a homogeneous non rotating planet, with the vertical rays always 
at the ecpiator, temi)eratiires would diminish regularly from ecjuator 
to poles. AtmospluTic pressure, under thermal control, would then be 
highest at the poles, diminishing 
toward a permanent trougfi of low 
pressure at the equator. 'J'he heated 
air in the low latitudes would 
expand, rise, and overflow aloft, 
moving out toward the poles in the 
higher altitudes. In the})olar regions 
it would sink to the earth, feeding 
the cool surface currents that would 
flow from the higher latitudes to¬ 
ward the ecjualor. Under this situ¬ 
ation it is obvious there would be 
two gigantic convectional circula¬ 
tions, one in each liemisphere, 
between the warm equatorial and 
the cold polar regions. That such a simple thermally induced air cir¬ 
culation does not ('xist is largely the result of (a) the earth’s rotation 
on its axis and (h) the disru])ting t^ffects of land and water surfaces. 

80. Diagrammatic Representation of Surface Winds on a 
Rotating PuARth with a Homogeneous Surface. A closer approach 
to a correct representation of actual wind circulation, because it takes 
into consideration the effects of a rotating earth, is set forth in Figs. 27 
and 28. A homogeneous surface is still assumed, however. Two funda¬ 
mental differences are at once observable: (a) the rotating earth 
develops conditions of high pressure in the subtropics at about latitude 
30 to 35*^, and conditions of low pressure at about latitude 60 to 65°, 
which result in several different belts of winds between equator and 
poles; and (6) the deflective force of earth rotation causes winds to 
deviate from a north-south gradient direction. 

If rain were to fall upon a land surface the configuration of which 
is represented by the very much idealized profile of pressure along a 
meridian (Fig. 28), it is fairly obvious that six distinct and separate 
streams of water would result. Each would originate at one of the four 
higher elevations and flow downslope to one of the three intervening 



Fig. 34.- Syst(?m of winds as it 
might develop on a homogeneous non- 
rotating earth with the maximum solar 
energy received at the equator. 
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depressions. In a similar way six great surface air movements, or 
winds, corresponding to the six streams of water, result from the 
idealized pressure distribution from pole to pole on a homogeneous 
earth represented in Fig. 28. Each stream of air originates in an area 
of high pressure and, acted upon by gravity, flows down the barometric 
slope toward an area of low pressure. Two of the great air streams 
originate on the equatorial sides of the subtroj)ical high~i>ressure 
centers and, controlled by the gradient, move toward low })ressnr(' 
near the equator. These arc the trades. Two others originate on the 
poleward sides of the subtropical highs and move poleward tow ard the 
subpolar troughs of low’ pressure. These are the stormy west$rlies. 
Still another j)air originates at the polar highs and flows ecpiatorward 
toward the subpolar low s, where they meet the stormy westerlies from 
the low’er latitudes. These high-latitude wtnds, about which relatively 
little is knowm, are sometimes designated as the yolar easterlies. Both 
at the bottoms of the low’-pressnre troughs and at the crests of the 
high-pressure ridges, wdiere pressure gradients are weak: and variable, 
the wdnd systems are poorly developed, and calms and variable winds 
are characteristic. Thus between the trades, and at the bottom of tin' 
equatorial low-pressure trough, is the equatorial belt of variable winds 
and cairns^ or doldrums. At the tops of the subtro[)ical highs, between 
the w’csterlies and the trades of cither hemisjdiere, arc the subtropical 
belts of variable winds and calmSy sometimes called the horse latitudes. 
Still other regions having variable winds, but little calm, are to be 
found in the subpolar troughs of low’ pressure between the stormy 
w’esterlies and the polar easterlies. These regions of storm and variable 
winds have no general and accepted name. 

81. Deflection of WindvS Due to Earth Rotation. If the 
earth’s surface-air currents described above are represented on a map 
instead of on a profile, they may be shown very diagrammatically as 
in Fig. 27. It is immediately obvious that the surface winds do not, 
as might be expected, flow directly down the barometric slope (right 
angles to the isobars) but instead are alw^ays deflected into oblicjne 
courses. Thus the trades instead of flowing from north or south along 
the meridians are from the northeast and southeast. Similarly, the 
winds on the poleward sides of the subtropical highs (stormy westerlies) 
do not flow north or south but are south westerlies and north w^estcrlies, 
while those originating at the polar highs are northeasterlies and 
southeasterlies. The cause for this bending of winds from the true 
gradient direction is the deflective force of the earth’s rotation. This 
deflective force causes all winds in the Northern Hemisphere to be 
turned to the right and those of the Southern Hemisphere to the left. 
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This will not be apparent from looking at the winds on Fig. 85 unless it 
is kept in mind that one must face in the direction toward which the 
wind is traveling in order to appreciate the proper deflection. Only at 
the equator is the deflective force of earth rotation absent, and it 
increases with increasing latitude. At some distance above the earth’s 
surface where friction is greatly reduced, deflective force causes the 
winds to blow nearly parallel to the 
isobars. The surface winds usually 
make an angle of 20 to 40° with the 
isobars, and it may be as low as 10° 
over the oceans. 

82. ClRCCTIiATION ON A NoNHOMO- 
GENEOUS Earth. Admittedly tlie 
scheme of pressure and winds on a ho- 
mog(‘neous rotating earth, represented 
by Figs. 27 and 28, is so much simjdified 
tliat it does not accurately represent tlie 
true condition of surface winds. Never¬ 
theless, it does i)rovide a valuable h/ea/- 
ized framework on which to hang the 
numerous inodifi(!atioiis to be dealt 
with later. Cliief of these modificationKS 
is the result of the fact that the earth is 
not homogeneous but is conijmsed of land and water areas that have 
a disrupting e(f(‘et upon any truly zonal circulation. Such a zonal cir¬ 
culation of winds as that represented by Figs. 27 and 28 is best exem¬ 
plified in the Southern Hemisphere with its more nearly uniform water 
cov^er. In th(‘ Northern Hemisphere with its great continents and oceans the 
belts of h)w and high pressure are broken down into isolated centers with 
distinct cyclonic and anticyclonic atmospheric circulations about them. 
During the winter at least six such distinct (piasi-permanent centers may 
be observed: the Icelandic low, the Aleutian low, the Pacific high, the Ber¬ 
muda or Azores high, the North American liigh, and the Asiatic high (see 
Figs. 29 and 80). 

GENERAL CIRCULATION OF THE ATMOSPHERE^ 

83. Ne(^essity for a General Circulation. In the chapter on tem¬ 
perature (50) it was pointed out that there is an excess of solar radiation 
over earth radiation in the lower latitudes, while exactly the opposite is 
true in the higher latitudes, and still there is no change in the climates of 
the various latitudes. To maintain this equilibrium there is required a 
transfer, by some means, of the heat from the general region of excess in the 
lower latitudes to the region of deficiency in the middle and higher latitudes. 

^ See “Climate and Man.“ Yearbook of Agriculture, 1941, pp. 599-631. 



Fig. 35. —Dashed arrows show 
wind direction as determined by 
pressure gradient alone and without 
the effects of earth rotation. Solid 
arrows show the deflected winds on a 
rotating earth. 
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This necessary transfer is brought about largely by tlie atmospheric circu¬ 
lation and to a loss degree by the circulation of ocean waters. 

Numerous and easily obtained observations (jf the surfac*(‘ winds permit 
speaking of their characteristics with considerable assurance. The upper- 
air currents, on the other hand, for which data are none too phuitilul, ar<‘ 
much less well known. With the somewhat fragmentary data available at the 
present time, students of air physics have deduced the lollowing schenu* of 
atmospheric circulation (Fig. 3(>). 

84. Tropical Circulation. The expanded and rising warm air at 
the equator s])reads out and overflows aloft, moving both to tin* north and 
to the south. .Earth rotation causes these high-altitude winds to be deflected 
so that they become south westerlies in the Nortliern Hemisphere and north- 
westerlies to the south of tlie equator. These winds are designat(Ml as tht‘ 


EQUATOR 



Fig. 30.—^(ireiieral zonal circulation of the atmosphere on a rotating earth with a 
homogeneous surface. {Affrr Hossbt /.) 


antitrades because they flow^ in a direction o})t>osite to that of the surface* 
trade winds below" them. Hy the time tliat the antitrades reach subtropical 
latitudes (35±°N. or S.) deflection has caused them to become almost 
westerly currents so the air mas.ses move farther poleward only with 
difficulty. As a re.sult of this damming up of the poleward-moving air, high- 
pressure areas with settling currents result. Tlu'se an* tlie w'ell-known sul>- 
tropical highs. The descending currents in the vicinity of the subtro])ics an* 
the feeders of the surface trades, which move toward the equator as north- 
ea.st and southeast winds, becoming more easterly as the equator is ap¬ 
proached. This completes the circulation betw^een the equator and tin* 
subtropics. 

85. High-i.lA.titude or Poi^ar Circulation. Circulation in the middle 
and higher latitudes is less simple and less well understood. As air in the 
westerlies moves obliquely poleward from the subtropical highs its radius of 
rotation is constantly diminished (the diameter of the earth is smaller in the 
higher latitudes) and as a result its velocity of rotation is proportionally 
increased. With the increase in angular velocity of air flow there is an 
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accompanying increase in centrifugal force which tends to hold the air away 
from the polar areas. A very crude analogy is to be observed in the emptying 
of water from a circular lavatory basin. As tlie whirling water gets closer to 
the drain at the bottom of the basin wlier<‘ the radius of rotation is smaller, 
its angular velocity incn'ases so much that the centrifugal force urges the 
water away from the c(‘nter, so that a hollow core is developed. If these 
dvnamic forces alone wer(‘ operating, the polar areas should be regions of 
alniospheric deficienc‘y and therefore low pressure. Such is actually the case 
at an elevation of about (i.OOO ft. However, the constantly low surface 
temperatures in these high latitudes, especially over the ice caps of Antarc¬ 
tica and (ireenland, induce' shallow high-pressure centers. I'he resulting 
compromise between thermal and dynamic forces is to be observed in the 
existing system of surface pressure, viz., polar highs surrounded by the sub- 
j)olar troughs or ceiiters of low pressure. As air in the westerlies moves 
poleward, finally l('a\ing the earth's surface and ascending over the polar 
easterlies, it cools and sc'tth's over the polar areas to form the shallow polar 
highs. From polar liiglis, surface currents move downgradient as north¬ 
easterly and southeasterly currents to the subpolar low-pn'ssure troughs 
located in latitudes (it) to 7()°N. and S. At about latitude 00° this cold surface 
air ri'aehes its equatorvvard limit of regular progress. Here it may, in part, 
be warmed suffici<‘ntly to ascend and returii poleward in the general drift 
of high-altitude air from the lower latitudes (Fig. 30). In part, however, it 
continues to move farther etiuatorward in great surges or outbursts of cold 
air, in tliis way returning to the middle and lower latitudes some of the air 
that has been removed from those regions in the surface westerlies. In the 
Northern Hemisphere, owing to the less constant and symmetrical pressure 
arrangement, the polar wind system is much more complicat(‘d than it is in 
the Southern Hemisphere. It is probably true that the vast ice-covered 
plateau of Greenland plays a dominant role in the Arctic wind system. 

8t). Middle-latitude Cthculation. Both the tropical and the polar 
circulations thus far describe<l conform in their general aspects to the 
thermally induced convcctional system of air movement affirmed for a 
nonrotating earth heated at the equator (79); i.e., their surface winds flow 
equatorward, and their high-altitude winds flow poleward. It is in the surface 
winds of middle latitudes that the direction of movement is opposite to that 
of the simple convcctional system, for between latitudes 35 and 65° the 
stormy westerlies are blowing from lower to higher latitudes, i.e., from 
warmer to colder regions. They have their origins in the descending air of 
the subtropical high-pressure belts as do the surface trades. Moving pole- 
ward, they meet tlie polar easterlies in the subpolar troughs of low pressure. 
The latter air masses being colder and denser, the warmer westerlies from 
lower latitudes are forced to ascend over the colder polar easterlies along a 
mildly inclined surface of di.scontinuity. This line of conflict between 
westerlies and polar easterlies is designated as the polar front. Above the 
surface westerlies the winds still appear to be westerly in direction but per¬ 
haps with a very slight amount of equatorward movement. 
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THE SURFACE WINDS AND THEIR CHARACTERISTICS 

87. Wind Belts* Centers of Action, and Air Masses. In 
order to state the case simply and with the fewest complications, the 
brief description of surface winds that follows is organiz(‘(l around 
the well-known planetary system. These are the conditions as they 
would prevail on a homogeneous earth, e.g.^ one whose surface was all 
water. In a general way latitudinal wind belts do exist, but on the 
other hand such a concept obviously greatly simplihes what in reality 
is a very complicated atmospheric circulation. In the relatively 
homogeneous Southern Hemisphere, the belted arrangement of winds 
is consj)icuous. In the Northern Hemisphere with its great contiiu^nts 
and oceans, the average wind conditions for January and July (Figs- 
29, 30) show monsoonal circulations of air around distinct pressure^ 
centers. They are like the gear wheels of a great machine. However, 
since these centers of spiraling circulations are disposed longitudinally, 
the belted arrangement of winds is still fairly conspicuous, especially 
over the oceans. It needs to be emphasized, however, that both wind 
belts and wind spirals as they appear on annual or seasonal charts 
are simj)ly averages of what, on the daily weather maps, are seen to 
be great irregularly moving masses of homogeneous air, associated witli 
traveling high- and low-pressure centers. It is this modern concept 
of the atmosphere as composed of nonperiodic moving air masses, mak¬ 
ing contact with each other along fluctuating margins or fronts, that 
comes closest to reality. 

88. The Doldrums, or Equatorial Belt of Variable Winds 
AND Calms. As the northeast and southeast trades converge toward 
the equator, they rise above the earth’s surface, leaving between them 
at low elevations a condition of light and baffling breezes with much 
calm (Fig. 37). This doldrurn belt therefore occupies the axis or valley 
of lowest pressure in the equatorial low-pressure trough where i>ressure 
gradients are weak and variable, resulting in winds of the same 
character. It needs to be emphasized that the nature of the winds is 
the result of the character of the barometric gradients. The belt of 
calms and variable winds is not clearly marked all round the equator, 
nor does it exist at all times of the year. In places and upon occasions 
it may be reduced to the vanishing point by the encroaching trades 
or by monsoons, and then again it may expand to twice its normal 
width. Its northern and southern margins may fluctuate several degrees 
even within the period of a few days. 

The principal air movement is vertical rather than horizontal, 
ascending currents being indicated by the abundance of cumulus 
clouds, numerous thunderstorms, and heavy convectional rainfall. 
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Because tliis is a region of converging air currents which escape by 
upward movement, the doldrums are inclined to be turbulent and 
stormy, with calms, scpialls, 
and light winds alternating. 

Within the doldrums calms pre¬ 
vail 15 to 30 per cent of the 
time, and winds, chiefly light 
and gentle breezes, conn* from 
all points of the compass with 
about e(|ual frecjuency (Fig. 

37). Poor ventilation and sul¬ 
try, oppressive weather are 
characteristic. These regions 
were rigorously avoided by 
sailing vessels. Owing to the 
fact that a sailing shij) coidd 
very well be becalmed for days 
in the doldrums because of lack 
of wind, such boats often took 
longer routes and went far out 
of their courses in order to 
cross in the narrowest parts of 
the belt. Although the dol¬ 
drums are usually spoken of as 
a belt, it would be incorrect io 
conceive of this condition of 
variable winds and calms as 
having definite northern and 
southern boundaries. Irregular 
in width but averaging per¬ 
haps 200 to 300 miles, it ex¬ 
tends in places for as much as 
10*^ or more away from the 
equator, whereas in other lon¬ 
gitudes, especially where mon¬ 
soons are well developed, as 
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Fig. 37.—Northeast and southeast trades 
and doldrvims over the Atlantic Ocean, June, 
1022. The wind rose is given for each 5-degree 
square. Arrows Hy with the wind. The length 
of the arrow is proportional to the frequency 
of winds from that direction. The number of 
feathers on the arrow indicates the average 
force of the wind on the Beaufort scale. The 
figure in the center gives the percentage of 
calms, light airs, and variable winds. (U. S. 
Hydrographic Office Pilot Chart.) 


they are in the Indian Ocean, it may be wiped out entirely. Over the 
Atlantic Ocean in July doldrums lie between latitudes 11 and 3®N. 
and in January between 3°N. and 0°. Most of the doldruin belt proba¬ 
bly lies between parallels 5®N. and 5°S. 

In modern air-mass terminology the air of this doldrum region is 
designated as Equatorial (£). If two converging trade winds meet, 
and one is somewhat cooler and drier than the other, the warmer 
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trade will be forced to ascend over the denser, cooler one aloii^^ an 
inclined surface. Under this condition a belt of calms may l:)e abscmi . 
The line or zone of convergence between the trades has been gi\'en the 
significant name “tropical front” (sometimes ‘'equatoriar' or “inter- 
tropical” front). 

89. The Thade Winds. Moving obliquely downgradient from the 
subtropical centers of high pressure toward the ecpiatorial low, roughly 
between latitudes 80 or 85 and 5 or 10° in each heniis{)h(n*e over the 
oceans, are winds whose steadiness has earned for them the name 
trade winds. Over the North Atlantic in summer the approximate 
limits of the northeast trades are 85 and 11°N., in winter, 20 and 8°N. 
In parts of the low latitudes they reach, and even cross, the equator. 
Away from land mass(\s trades blow rather constantly from an easterly 
direction (northeast in the Northern and southeast in the Southern 
Hemisphere). Over continents, and even adjacent to them, both 
steadiness and direction may be considerably modified. On the island 
of St. Helena, which lies in the heart of the south(‘ast trades of the 
South Atlantic, the percentage of winds from various directions is as 
follows, according to Kendrew:^ 

N. y.K. E. S.E. S. S,W, C(dm. 
January . . . . 5 7() 19 

July 1 2 9 (>2 20 J 5 

They are the most regular and steady winds of the earth, particularly 
over the oceans, their characteristic moderate to fresh breez(‘s averag¬ 
ing 10 to 15 miles an hour, ('alms are iidmpient, usually prevailing 
less than 5 per cent of the time (Fig. 87). Over land masses and near 
their margins, the surface trades are much less conspicuous. They })lovv 
with greater strength and constancy in winter than in summer, for 
in the hot season the belt of subtropical highs is broken by the heated 
continents, resulting in a much less continuous belt of trades at that 
season. Especially over eastern and southern Asia, and to a degree 
over the waters south and east of the United States as well, summer 
monsoons tend to weaken or even eliminate the trades. In winter, on 
the other hand, outflowing continental winds tend to strengthen the 
trades. In general, except on their equatorward margins, they are 
regions of fine, clear weather with few storms. The most spectacular 
of these storms are the tropical hurricanes which infest their western 
poleward margins over the oceans in the late summer and early fall. 
As the trades move in toward the equator they are constantly being 
heated from below by the increasingly warmer earth’s surface. The 
^ ” Climate,*’ p. 90, op. cit. 
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poleward portions of the trades lying on the flanks of the subtropical 
highs where there is a good deal of subsiding air are relatively dry, and 
fair weather is prevalent. Farther equatorward and closer to th(i 
e(juatorial zone of convergence where ascent (d* air ratlier than sub¬ 
sidence is cluiracteristic, the trades become increasingly rainier. 

Because of the stcaely nature of the trades, as well as their fine 
clear weather with few severe storms, they were thoroughfares for 
sailing vessels. Columbus in his first voyage to the New World sailed 
south from Spain to the Canary Islands and then westward in the 
trades. His journal of the voyage contains fre(|uent remarks con- 
(‘erning the fine weather and the favorable winds experienced. One 
notation describes the weather as being like April in Andalusia. The 
almost c'onstant following wands from the northeast worried the 



Fig. 38.—The sij})tr()pical “l)eU*’ of variable win<ls aial calms, or horse latitudes, 
over the Xortli .\tlantie Ocean, June, 1922. F'or explaiiatiou of symbols see Fig. 37. 
(( 7 . »S. 11 ydro(jra}»hic Office Pilot Okarf.) 

sailors, however, for they feared that the return trip to S])ain might 
be impossible. I pon one occasion when a westerly wind was exj)eri- 
enced, Columbus Avrote: “This contrary wind was very necessary to 
me, because my people were much excited at the thought that in these 
seas no wand ever blew^ in the direction of Spain.” 

90. The Subtuopical Belts of Variable Winds and Calms, 
OR the Horse Latitudes. Lying between the diverging trades and 
stormy westerlies over the oceans and occupying the crests of the 
high-pressure centers where pressure gradients are weak are areas of 
light, variable winds and calms (Fig. 38). All regions wath such wand 
characteristics must of necessity have w^eak pressure gradients. Perhaps 
the horse latitudes are better thought of as transition conditions 
between trades and westerlies rather than as relatively distinct and 
more or less continuous wind belts. On the wdiid charts (Figs. 29, 30) 
the horse latitudes are the centers of the great subtropical “w^hirls” of 
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air, these whirls having opposite rotations in the Northern and 
Southern Hemispheres. Although the horse latitudes are like the 
doldrums in their preponderance of light and fickle winds, blowing 
from any and all points of the compass, they are totally unlike them 
in their general weather conditions. Because they are regions of 
settling air and diverging wind systems (compare with doldrums), the 
air is prevailingly dry, skies are clear, weather is fine much of the time, 
sunshine is abundant, and rainfall is relatively low. As a general 
rule the western margins of the subtropical whirls have much more 
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cloud and rainfall than the 
eastern sides. The centers, or 
“ridges,” of subtropical high 
I)ressure lie in the vicinity of 
latitudes 30 to 40°N. and S. 
Idiesc are sometimes known 
as the Mediterranean lati¬ 
tudes because they corre¬ 
spond in location with that 
sea. The represc'iitative wind 
rose (Fig. 38) for these re¬ 
gions resembles that of the 
doldrums, calms prevailing 
15 to 25 per cent of the time, 
and light and gentle breezes 
from all points of the com¬ 
pass the remainder. 

91. The Stormy West¬ 
erlies. Moving downgra- 
dient from the centers of 
subtropical high pressure to 
the subpolar lows (roughly 
35 or 40 to 60 or 65°) are 
the stormy westerlies. Par¬ 
ticularly is the poleward 
boundary of this wind belt a fluctuating one, shifting with the 
seasons and over shorter periods of time as well. The westerlies 
are distinctive among the wind belts in that they are not uniformly 
either strong or weak but instead are composed of extremes. Spells of 
weather are one of their distinguishing characteristics. At times, and 
more especially in the winter, they blow with gale force, and upon 
other occasions mild breezes prevail. Although designated as westerlie^^ 
westerly being, to be sure, the direction of most frequent and strongest 
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Fig. 39. —The we.sterlies over the North 
Atlantic Ocean, January 1922. For explanation 
of symbols see Fig. 37. {U. S, Hydrographic Office 
Pilot Chart,) 
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winds, air does blow from all points of the compass (Fig. 39). The 
variability of winds, in both direction and strength, so characteristic 
of the westerlies, is largely the result of the procession of storms 
(cyclones and anticyclones) which travels from west to east in these 
latitudes. These storms, with their local systems of converging and 
diverging winds, tend to break up and modify the general westerly 
air currents. Moreover, on the eastern sides of Asia, and to a lesser 
degree North America, continental wind systems called monsoons 
tend to disturb the westerlies, especially in summer (96). It is in the 
Southern Hernisjdiere, where in latitudes 40 to 65° land masses are 
largely absent, that the stormy westerlies can be observed in their 
least interrupted latitudinal development. Over these great expanses 
of ocean, winds of gale strength are common in summer as well as 
winter. These are the roaring forties of nautical jargon. In the vicinity 
of Cape Horn they are often so violent as to make east-west traffic 
around the Cape not only difficult but even dangerous. It is a wild 
region where gale follows gale with only brief intervening lulls; where 
raw chilly weather, cloudy skies, and mountainous seas prevail. 

The westerlies of the Northern Hemisphere, where the great land 
masses with their seasonal pressure reversals cause the wind systems 
to be much more complex, are considerably less violent in summer than 
in winter. In the former semson gentle to fresh breezes prevail, and 
winds come from a great variety of directions with almost equal fre¬ 
quency. But in winter they are like their counterparts in the Southern 
Hemisphere, being strong and boisterous with a greater prevalence of 
winds from westerly directions. The poleward margins of the westerlies 
near the subpolar troughs of low^ pressure are particularly subject to 
great surges of cold polar air in the winter season. The sinuous line 
of discontinuity, known as the polar front, which separates the cold, 
dry polar air from that w^armer and more humid mass coming from the 
subtropics in the form of the westerlies is the zone of origin for a great 
many middle-latitude cyclones and anticyclones. It follows, there¬ 
fore, that the poleward margins of the westerlies are much more 
subject to stormy, variable weather than are the subtropical margins. 
Since this polar front and the accompanying belt of storms migrate 
with the sun’s rays, retreating poleward in summer and advancing 
equatorw^ard in winter, it also foIlow^s that storm control of weather 
in the middle latitudes should be much more pronounced in the winter 
season. 

92. The Polar Winds. In the higher latitudes, beyond the 
belts of westerlies, meagerness of long-continued observations prevents 
one from speaking with great assurance regarding the wind systems. 
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The subpolar low-pressure troughs, relatively continuous in the 
Southern Hemisphere but existing as isolated centers (Iceland low 
and Aleutian low) north of the equator, are extremely wild and stormy 
areas, for they are the routes followed by a large number of the cyclonic 
storms of high latitudes. (Ireat surges of cold polar air cause the out¬ 
lines of the subpolar troughs to be extremely sinuous, almost com¬ 
pletely interrui)ting their contimiity both fre(iueiitly and at numerous 
points. The inner polar areas of settling air and high ])ressure are 
probably (juiet, relatively calm, and free from storms. The outflowing 
easterlies are, for the most part, moderate in V(‘locity, although at 
times they are intensified to the ]K)int of becoming violent gales, 
blizzardlike in character. However, \\wsc blizzards ap])ear to be more 
characteristic of the outer margins of tlu‘ j)olar highs than they are 
of the inner, anticyclonic polar regions. As indicated previously (85), 
the surface wind systinn of the north polar region is much more com- 
})licated and complex than that of the Antarctic, owing to the ])roximity 
of great landmasses near to, but not at, the Pole and to the asym¬ 
metrical position of the (ilreenlaiid Ice Cap. The permanent high 
pressure over (ireeidand is, for the year as a wliole, the wind ])ole of 
the Northern Hemisphere, as the Antarctic high is for the SoiitluTn 
Hemisphere. 

T'ERHESTfUAr. MoDlFK ATIONS OF THE PlANFTAUY WlNJ) Sy>STKU 

98. Thus far many of the general features of the wind system 
described have b(‘en those that would characterize any planet with an 
atmosphere, warmed at the (‘quator and rotating from west to east. 
But the particular planet Earth has several characteristics i)eculiar 
to itself which modify the simpler planetary system. These terrestrial 
modifications result from (a) the inclination (!28^°) and parallelism 
of the earth's axis, causing a uniform latitudinal shifting of the belts 
of solar energy during the course of a year; {b) a nonhomogeneous 
surface composed of both land and water areas, having contrasting 
temperature, pressure, and wind characteristics; and (c) land areas 
the surfaces of which are variable in configuration and altitude. 

94. Latitudinal Shifting of the Wind Belts. Consequent 
upon the parallelism and inclination of the earth’s axis, during the 
period of revolution the sun’s vertical ray shifts from 28^°N. (summer 
solstice) to (winter solstice), a total of 47°. Of course it is not 

only the vertical ray that shifts but all the insolation belts as well, 
and along with them the temperature belts, w^hich are largely sun 
controlled. Pressure and wind belts, in part thermally induced, likewise 
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may be expected to migrate latitudinally with the sun’s rays. This 
north-south shifting of the wind belts is by no means so simple a thing 
as it may appear to be from the above description, for it varies in 
amount and rapidity of shift from one part of the earth to another. 
In general there is a lag of a month or possibly two beliind the sun. 
Over the oceans and along coasts where the migration is more readily 
observable the total migration is not great, usually not much over 
10 to 15°. Over continents, on the other hand, the total latitudinal 
shift is greater, and the lag is considerably less than over oceans. 
Then, again, surface wind systems are much confused over land masses 
owing to surface irregularities and greater seasonal variations in 
temperature, so that the migration is not very evident. Instead of a 
simple latitudinal migration, the seasonal changes in pressure and 
wimls are often to be observed in ternes of shifts in position and 
intensity of the great c(‘nters of action, which in turn result in a 
prevalence of dittVuH'ut air masses in different seasons. 

95. I Alt ii tides Covered by More than One Wind Belt. This latitudinal 
shifting of the wind t)elts becomes climatically significant, especially 
in those regions lying in an intermediate position between two great 
wind syst(*ms or air masses of unlike weatluT conditions, as, for 
instance, betw(‘eu the westcTlies on the one hand and the dry subsiding 
air of tlie subtro])ical highs on the other, or between the trades and the 
doldrums. Such a position assures the region of being encroached upon 
at the op})osite seasons of the yc^ar by contrasting air masses and 
consequently of experiencing contrasting weather conditions. Ideally, 
three such transition regions shouhl be present in each hemisphere, 
and there are evidences that they actually do exist, although in 
imperfect form and certainly not as continuous latitudinal belts. 

a. Latitudes 5± to 15±° are intermediate in position between 
the humitl d(>ldrum air masses and the drier trades, the latter winds, 
often in modified form, prevailing at the time of low sun (winter), 
and the doldrums at the time of high sun (summer). One dry and one 
wet season shoidd be the result. Even equatorward from latitudes 5° 
there is some encroa(‘hment by the trades, although regions very close 
to the ecpiator usually do not experience a sirong and ])ersistent trade- 
wind influence. However, these winds are responsible for the less wet 
seasons of ])laces near the equator. 

b. Latitudes 80 to 40° are between the subtropical highs and the 
stormy westerlies. With the poleward migration of the sun’s rays in 
summer the dry subtropical highs arc shifted over these regions, 
whereas the westerlies with their cyclonic storms prevail in winter 
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when the sun’s vertical ray is in the opposite hemisphere.^ It is evident 
that this arrangement should give rise to dry summers and wet winters. 
Monsoon winds definitely interrupt this migration along the easteni 
sides and interiors of the continents, so that it is chiefly present over 
the oceans and along western littorals. 

c. Latitudes 60 to 70°, which mark the subpolar lows, are inter¬ 
mediate in position between stormy westerlies and wdnds of polar 
origin so that latitudinal shifting of winds should allow" this region to 
experience both. The numerous cyclones which inhabit these latitudes 
tend to complicate and obscure any simple migration of wind belts. 
It is much more a region of alternating polar and modified troj)ical air 
masses. It is a fact, nevertheless, that in these higher latitudes there 
is a greater prevalence of cold polar air in winter and of warmer south¬ 
westerly currents in summer, suggesting a semblance of wind-belt 
and storm-belt migration. 

96. Monsoon^ Winds. This terrestrial system of winds is charac¬ 
terized by a tendency toward a reversal in prevailing wind direction 
betw-een wdnter and summer. It is directly the result of the earth's 
surface being composed of great land and water areas which have 
unequal heating and cooling qualities. (It has been noted in an earlier 
article (87) that the effect of large land and water areas is to modify 
latitudinal wind belts, wuth the result that there are created semi¬ 
permanent centers of high and low- pressure with outblowing and 
inblowing winds.) If the earth's surface were comjiosed of either all 
land or all water, monsoons could not exist. It needs to be recalled 
at this point that seasonal differences in temperature often give rise 
to seasonal contrasts in pressure, and of course contrasts in pressure 
give rise to changes in wind direction. The chain of events, then, is 
from temperature, through pressure, to winds. In winter, for example, 
the interior of Asia becomes excessively cold, resulting in the develop¬ 
ment of a great stationary continental anticyclone, or high-pressure, 
center. Over the w^armer seas to the east and south of Asia temperatures 
are higher, and the pressures consequently lower. As a result of this 
arrangement of the pressure areas the surface gradient is from^ the 
continent toward the ocean, wdth cold surface winds moving out from 
Asia toward the surrounding seas. This prevailing land wind con- 

^ As the term trade wind is used here it is intended to include winds having the 
same general character as trades, even if not from a northeast or southeast direction. 
For example, winds over the Mediterranean Basin in summer are prevailingly north¬ 
west. Yet these are essentially trade winds in both origin and character, even though 
modified in direction. This concept, expressed specifically for the trades, applies to the 
other wind systems as well. 
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stitules the winter monsoon (Fig. 40). (In the higher altitudes air is 
flowing from the ocean toward the continent, and it is this transfer 
of air from sea to land at higher elevations that creates the differences 
in surface pressure.) Tlie low-pressure goal of the Asiatic winter 
monsoon lies south of the equator over the Indian Ocean and the hot 
interior of Australia. The winter monsoon is not always from the same 
direction in the various parts of eastern and southern Asia, for it 
blows from the west and northwest in Japan and North China and from 
the north and northeast in southern x4sia, where it acts to strengthen 
the normal trade winds of those latitudes. But although not always 
from the same direction, it is, in almost all sections, a polar air mass of 
continental origin bringing cold, dry air down to the very sea margins 



Fuj. 40,—Shaded areas represent <x*eans; white areas are continents. In winter (/I) 
pressure is high over the cold continents, while in summer {U) it is low. The result is 
an outflow of continental air in winter and an inflow of ocean air in summer. This is a 
monsoon system. (From Pcficrsscn.) 

and beyond. This condition is not conducive to rainfall, so that winter 
is characteristically the driest sca.son in monsoon lands. Winter 
monsoons, particularly those of middle latitudes, are liable to inter¬ 
ruptions by the passage of cyclonic storms which bring some precipita¬ 
tion even in the cool season. The influence of passing cyclones and 

Pekcentage of Wind Frequency in North China 
(Kendrew) ^ 



A. 


E. 

S.E, 

S. 

SJV. 

W, 

N.W 

Winter 

17 
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8 

18 

32 
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10 

9 

12 

26 

16 

10 

7 

10 


anticyclones is indicated by the table showing wind frequency in North 
China. Although land winds predominate in winter (67 per cent from 
west, northwest, and north), there are some from opposite directions; 
and in summer, although sea winds are most numerous (63 per cent 


^ “Climate,** p. d7, op. cit. 
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from northeast, east, southeast, and south), winds from the continent 
are by no means absent (Fig. 29). 

Summer Monsoon., In summer the Asiatic continent becomes 
warmer than the adjacent oceans, and, as a consequence, a semi¬ 
permanent seasonal low-pressure center develops over that land mass. 
Higher pressure prevails over the cooler oceans, so that the gradient 
\sfrorn sea to land, and the winds are as well (Fig. 40). This equatorial 
maritime air mass moving in toward the heated continent is called the 
summer monsoon. Much of it originates in the trades south of the 
equator. Since it travels great distances over bodies of tropical water, it 
brings with it abiindant supplies of water vapor which are conducive to 
rainfall. Summer, therefore, is characteristically the wet season in 
monsoon lands. The summer monsoon is not always a wdnd from the 
same direction throughout southeastern Asia, but at least it is from tin* 
sea and from tropical latitudes. Interruptions ilue to cyclonic storms 
are not infrequent. In monsoon regions continental-controlled winds 
tend to wipe out the planetary system of trades and westerlies, sub¬ 
stituting in their jdaces a terrestrial system. Hot, humid summers 
and relatively cold, dry winters are characteristic of most regions with 
continental wind systems in the middle latitudes. India, cut off as it 
is from the rest of Asia by high mountain ranges and plateaus, has a 
monsoon system of local origin, quite divstinct from that of the rest of 
the contijient (Figs. 41^4, 41i^). The following diagram will helj) to fix 
the chain of events described above for a monsoon region: 

Winter—Asia cold—-high pressure—surface winds toward the sea 
Summer—Asia warm—low^ I)ressure—^surface winds toward the land 

Partly owing to the great size of the continent, the monsoon 
system of winds is most perfectly developed over eastern and southern 
Asia, although monsoons in modified form, or monsooji tendenciesy 
are characteristic of other regions as well. Southeastern United States, 
northern Australia, Spain, and South Africa all are regions with 
monsoon tendencies. These land areas may not be always sufficiently 
powerful to cause a complete seasonal reversal of winds as does Asia, 
but at least they create partial monsoons (Figs. 42, 43J, 43/?). 

It is conspicuous that regions with strong monsoon tendencies 
usually are on the eastern sides of continents. This is especially true 
in the middle latitudes, since the western or windward coasts are so 
distinctly marine in character, with only small changes in temperature 
from summer to winter. It is, therefore, only on the more continental 
eastern, or leeward, sides that sufficiently large seasonal extremes of 
temperature can develop to produce a wiild reversal. 
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Fig. 4 \ B . 

Figs. 41^ and 41 Ti .—Seasonal pressures and winds over India. The Indian monsoon is 
distinct and separate from tlial of eastern Asia. 



Fig. 42. —Seasonal winds over the United States. Note the monsoon tendency o^^er 
eastern United States. (After Ward.) 
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Fig. 43yl.—Prevailing direction of upper winds in surniner. They are more south¬ 
westerly in the warm season. {U, S. Weather Bureau.) 



Fig. 48P.—Prevailing direction of upper winds in winter. They are more northwesterly 
in the cold season. {U. S. Weather Bureau.) 


97. Minor Terrestrial Winds. Land and Sea Breezes, Just as 
there are seasonal wind reversals (monsoons) resulting from seasonal tem¬ 
perature contrasts between land and water, so there are diurnal, or daily, 
monsoons resulting from similarly induced Temperature contrasts within 
the 24-hr. period. These are called land and sea breezes, or diurnal monsoons. 
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Thus along coasts there is often a drift of cool, heavy air from land to water 
at night (corresponding to winter) and a reversed wind direction, sea to 
land, during the heat of the day (corresponding to summer). Usually the 
sea breeze begins between 11 :00 and 1^:00 a.ju. and seldom lasts much later 
than 4:00 p.m. It is a shallow wind, penetrating only a short distance inland, 
usually not over 20 miles. Along tropical littorals the sea breeze is a remark¬ 
ably imj)ortant climatic phenomenon, causing them to be more livable and 
healthy plac‘es tlian they otherwise would be. Tlie beginning of the sea 
breeze may cause a drop in temperature of 15 to 20° within J to | hr. At 
Joal, Senegambia (West Africa), the temperature at 12:30 p.m. on Apr. 14, 
1893, was 10()°F., with a land wind from the nortlieast and a relative 
humidity of 3 per cent. At 12:45 the wind direction was nortJiwest, from the 
sea, temperature had dropped to 82°F., and the relative humidity had risen 
to 45 per cent (Haiin). Coasts with well-developed sea breezes are inclined 
to have modified marine climates, wdtli the daily temperature maxima much 
reduced. 

98. Mountain and Valley Breezes. Like land and sea breezes, these 
local winds have a distinct diurnal j)eriodicity. During the day the air of an 
enclosed valley or that adjacent to a slope receiving relatively vertical rays 
of tlie sun becomes heated so that active convectional ascent of the warm 
and expanded air takes place up the valleys and along the mountain slopes. 
This daytime updraft of warm air, or valley hreeze. is indicated by the masses 
of cumulus clouds which collect about the peaks of mountains during sum¬ 
mer days. They are the “visible tops of invisible ascending air currents.*’ 
Daily summer afternoon rains are therefore common in mountains, and 
visibility, because of tli<* cloud masses, is restricted during the warm hours 
of the day. After sundown, as the rapidly cooling slopes begin to chill the 
air layers next to them, the cooler, heavier air begins to slip down the 
mountainsides into tlie valleys. This is a reversal of the day current and is 
known as the mountain breeze. It is often very perceptible at the mouth of a 
gulch; and where there are marked constrictions in a valley that drains a 
large area, strong winds may result. Summer camps are sometimes pitched 
at the moutli of a valley in order to benefit from the cooling effect and venti¬ 
lation provided by the mountain breeze. 

99. Diurnal variation in wind velocity is another terrestrial modification 
of surface winds with a daily periodicity. It is very noticeable that calm 
nights and early mornings in the warmer months are often followed by 
windy middays, the maximum wdnd velocity corresponding with the time 
of greatest heat. By sunset there is usually a marked calming of the atmos¬ 
phere again. The boisterous midday winds are associated with convectional 
overturning, or interchange of air betw^een upper and lower strata which 
occurs at the time of greatest surface heating. Under those conditions the 
lower air, entangled with the fast-moving upper air as a result of the ascend¬ 
ing and descending currents, is dragged along at a rapid rate. It is noticeable 
that cumulus clouds are often numerous during the windiest hours when 
convection is at a maximum, a coincidence that has gained them the name 
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of “wind clouds/’ During the night, when the lower air is colder and heavier, 
there is no tendency for it to risic. At that time interchanges between the 
upper and lower air are at a minimum so tiiat the surface air is relatively 
undisturbed by the fast-moving currenl.s aloft. It is at the time of maximum 
vertical convectional interchange that surface winds reach their highest 
diurnal velocities. 


Ocean Drifts and Currents 

The discussion of th(' nioveiiient of ocean waters is included within 
the climatic section of this book chiefly because ocean currents are one 
of the controls of climate, and a knowledge of their characteristic 
systems is useful in an understanding of world climates. It should 
be added also, as a further reastni for their inclusion at this point, 
that the drift of ocean waters is climatically induced, winds, tempera¬ 
ture, precipitation, and humidity contrasts being the principal direct 
or indirect motivating agents. 

100. Scheme of ScKFAf:'E Diufts and Cuhken'ts in an Individual 
Ocean. Except in the polar seas, there is a teiidemry for all the other 
great oceans to exhibit general circulations of surface currents and drifts, 
which, in many of their broader as))ects, greatly res(‘inhle (‘ach other (Fig. 
44). Fundamentally surface ocean currents are relat(‘d to the direction of th(^ 
prevailing wind. The scheme of ocean currents as de\eloi)ed in the North 
Atlantic, which is reasonably representative of those of other seas as well, 
will be taken as an example for analysis. 

The most conspicuous element of the North Atlantic circulation is 
probably the great, closed elliptical whirl about tlie subtropical Azores high. 
The trade winds on the equatoiward sides of the subtropic’al highs in both 
hemispheres tend to drift the surface waters before tlnun across the ocean. 
The deflective force of earth rotation, right in the Northern and left in the 
Southern Hemisphere, acts to make this a westward-flowing current, mov¬ 
ing somewhat at an angle to the direction of the trades. This is the Equa¬ 
torial Currevt. (Idiere are really two equatorial currents, separated in the 
eastern part of the ocean by a minor countercurrent setting toward the east.) 
Checked in its westward progress by the South American continent, the 
Equatorial Current is divided, the larger part of it flowing northwestward, 
and the smaller part of it southwest ward. Partly owing to deflection (earth 
rotation) and trend of the coast line, and partly because of the wind direc¬ 
tion around the western end of the subtropical Azores high, the warm north¬ 
ward-moving current gradually is bent more and more to the east. A part 
of it enters the Caribbean Sea and passes through the Straits of YucatAn 
into the Gulf of Mexico. This water returns to the Atlantic through the 
Florida Strait, where it joins the major part of the warm-water drift, which 
has kept eastward of the West Indies, to form the ''Gulf Stream'' (Better 
designated as the Caribbean or Florida Current) which parallels the Ameri- 
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can Atlantic seaboard. At about latitude 40°N. westerly winds and deflection 
cause the warm surface waters to turn slowly eastward across the ocean in 
the form of a west-wind drift. In the eastern Atlantic the drift divides, a 
part of it being carried by tlie subtropical anticyclone’s nortliwesterly and 
northerly winds southward along the coast of southwestern Europe and 
northwestern Africa, until it joins again the Equatorial Current and thus 
completes the low’-latitude circuit. This is the relatively cool Canarie,s Cur¬ 
rent. A considerable ])ortion of the west-wund drift, however, is carried north¬ 
eastward by the stormy soutlnvesterlies along the northwest coast of Europe 
to form the North Atlantic Drift, its relatively warm waters washing tlu* 
coasts of the British Isles and Norway, and eventually entering the Arctic 
Ocean. The Arctic, compensating for this receipt of warm water from the 
eastern Atlantic, produces an outward surge of cold waters, in the western 
Atlantic on either side of Greenland, the western branch being called the 
Labrador Current. 

101. Warm and Cool Currents. If it is kept in mind that ])oleward- 

drifting surface waters, since they come from lower latitudes, are inc-lined 
to be relatively warm, while those from higher latitudes are likely to be 
cooler than the surrounding waters, the following generalizations may be 
made. In the lower latitudes (equatorw’ard from 35 or warm oceaji 

currents tend to parallel the eastern sides of contiTients, while cool ocean 
currents parallel the w estern sides of continents (Fig. 44). In the middle and 
higher latitudes the reverse is more often the (;ase, warm ocean (‘urreiits 
affecting the western sides of land masses, and cool ones the eastern sides. 
Along east coasts (w estern sides of oceans), therefore, there is likely to be a 
convergence of contrasting cm rents, while along west coasts they tend to 
diverge. It needs to be added that a part of the cool w ater along w’est coasts 
in low’er latitudes (Peru and northern Chile, northw^est and suutlnvest 
Africa, southern California, and others) is tlie result of upwelling frcun 
depths along the coast. These regions occupy positions along the eastern 
margins of well-developed subtropical high-pressure centers and tluur 
associated wind whirls^ which are conspicuous features over oceans in these 
latitudes. Along their coasts, paralleling equatorward-moving winds from 
the subtropical whirls, drive the surface waters toward lower latitudes. 
Owing to the deflective force of earth rotation, the ocean currents along 
these cool-water coasts have a component of movement away from the land. 
Colder water from below, therefore, rises to replace the surface water. 

102. Climatic Significance of Ocean Cckuents. Temperature. In 
order that an ocean current may have direct and marked effect upon tlie 
temperature of the adjacent land mass, it is obvious that the winds must be 
onshore. Such is the case in northwestern Europe, where westerly winds 
carry the effects of the warm North Atlantic Drift far into the continent. 
Parts of coastal Europe are 30 to 40® too w’arm in January as compared with 
the normal for their latitudes. In contrast, the warm waters paralleling the 
east coasts of the United States and Japan are much less effective as direct 
temperature controls, because the winter winds are prevailingly offshore. 
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Nevertheless, the relatively frequent east winds on the fronts of cyclonic 
storms create sporadic importations from off the mild waters and thereby 
tend to raise the normal winter temperature. Where cool ocean currents 
parallel coasts, temperatures along the adjacent littorals are likely to be 
markedly lowered. Thus the coast of Peru, whicli is paralleled by the cool 
Peru Current, is 10° cooler than the coast of Brazil in a similar latitude, 
where a warm current prevails. 

It has been stated previously that there is a tendency for cool and warm 
c)cean currents to converge along the western sides of oceans and to diverge 
along the eastern sides. Where contrasting currents converge^ the effect is to 
scpieeze the isotherms closer together, making for marked latitudinal tem¬ 
perature contrasts, steep temperature gradients, and advection fogs. This 
condition is found, for instance, along the cast coasts of Asia and North 
Aineri(‘a. Where contrasting currents diverge they tend to spread the iso¬ 
therms, making for milder temperature gradients. This is the case in the 
eastern Atlantic*. It must not be inferred, however, that ocean currents are 
the principal cause of these temperature-gradient phenomena on the oppo¬ 
site sides of oceans; at best they are only auxiliary causes cooperating with 
more powerful marine and continental influences. 

lOti, Fog and Precipitation, Cool-water coasts in low latitudes often 
present the unusual situation of being characterized by both fog and aridity 
-an apparentl.N^ contradictory combination. The fog is the result of warm 
air from over tlie ocean proper being chilled by blowing over the cool cur¬ 
rent lying alongshore and mixing with the cool air above it. It may then be 
driftiHl in over the land, but usually it is confined to a narrow coastal fringe. 
The aridity, on the other hand, is the result of a rapid increase in tempera¬ 
ture, and consequent decrease in relative humidity, of air from over the 
cool cK‘ean current which moves inland over the warmer tropical or sub¬ 
tropical land. AVliere a cold current parallels a tropical coast, therefore, dry 
climates prevail. In western Peru, desert conditions are carried to within 5° 
of the equator by the effects of the cool Peru Current. The cool Benguela 
Current has a similar effect upon the coast of southwestern Africa. In 
these regions, as along many other cool-water coasts, upwelling is an impor¬ 
tant item. Where warm currents lie offshore they tend somewhat to amplify 
the atmosplieric humidity and to increase the rainfall. 

104. Indirect Climatic Effects of Ocean Currents, Indirectly ocean cur¬ 
rents may affect the general climatic character of an adjacent land area by 
their infliience upon the routes of cyclonic storms. This indirect influence 
applies to leeward as well as to windward coasts. Cyclones are attracted by 
the relatively high temperatures and consequent low pressures associated 
with large masses of warm surface water. The location of one of the world’s 
principal storm tracks, lying off the coast of northwest Europe, is associated 
in a cause-and-effect relationship with the warm waters of the North Atlantic 
Drift. It has been observed that when the ‘‘Gulf Stream” along the American 
South Atlantic Coast is stronger and warmer than usual, so that pressures 
in that vicinity are below normal, cyclonic storms in eastern United States 
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tend to travel more southerly routes, giving that part of the country ab¬ 
normally cold and snowy winters. A weak ‘‘Gulf Stream” and associated 
higher pressures, on the other hand, result in the storm tracks being shifted 
farther poleward, and a milder, less snowy winter is the result. In this 
instance there is the anomalous situation of an excess of warm water offshore 
indirectly causing an abnormally cold and snowy winter, while a minimum 
of warm water induces a milder one. 





Chapter V. Atmospheric Moisture 
and Precipitation 


105. Lvipouiance of Water Vapor. The proportions of most 
of tlie gaseous eonstitueiils that compose the atmosphere near sea 
lev^el are relatively constant from place to place at the surface of the 
earth. One in particular, water vapor, is highly inconstant, varying 
from nearly zero up to a maximum of almost 5 per cent. This variability 
ill the atmospheric content of water vapor, as to both place and time, 
is of outstanding imiiortance for at least four reasons: {a) The amount 
of that gas in a given volume is an indication of the atmosphere’s 
capacity for precipitation, one of the two most important climatic 
elements. (5) Water vajior is closely related to temperature phenomena 
through its absorjitive effects on terrestrial radiation, regulating 
thereby the rate of heat loss from the earth, (c) The greater the 
amount of water vapor the larger the quantity of latent or potential 
energy stored u[) in the atmosphere for the production of storms. 
(d) The amount of water vapor is likewise an important factor affect¬ 
ing the human body’s rate of cooling, ?.c., the sensible temperature. 

106. Sources of Water Vapor. Like all the other gases in the 
atmosphere, water vapor is invisible. The primary source of this 
important gas is the great oeeans which cover approximately three- 
(|uarters of the earth’s surface. By winds and diffusion methods, the 
water vapor evaporated from these bodies of water through the 
expenditure of solar energy is carried in over the continents. Less 
important, but nevertheless significant, sources of atmospheric mois¬ 
ture are the moist land surfaces, the vegetation cover, and the minor 
bodies of water. Plants give off more moisture to the air than does 
bare ground but not so much as does a freely exposed water surface. 
A constant turnover is forever in progress as regards the atmosphere’s 
water vapor, additions being made through evaporation of water in 
its solid and liquid states, while some is being lost to the atmosphere 
by condensation. By the process of condensation, water vapor, a gas, 
is changed back into the liquid or solid state, while through evapora- 
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tion the liquid or solid water is converted into invisible gaseous water 
vapor. As winds carry the moisture in gas form from the oceans to 
the land, so rivers and glaciers deliver it again in liquid or solid form 
to the seas. Half the water vapor in the air lies below an altitude of 
6,500 ft. 

107. The Hydrologic Cycle. Of the precipitation that falls 
upon the continents it is calculated that only about 30 per cent finds 
its way back to the sea through rivers and glaciers. It follows that 



Fig. 45.—-The hydrologic cycle correlated with the air-inass cycle. {After UohuHin; 
courtesy of George Jenkins mid the Journal of Geography.) 


the remaining 70 per cent must be returned to the atmospliere by 
evaporation from the ground, from inland bodies of water, and from the 
vegetation cover. From these data some have concluded that the oceans 
contribute only 30 per cent of the moisture falling as land precipitation 
and that local evaporation from the lands must provide the other 
70 per cent. Actually local evaporation is of very minor significance as 
a source of moisture for the precipitation of an area. It is coming to be 
recognized that a large proportion of that part of continental precipita¬ 
tion (70 per cent) evaporated from the land and not returned to the 
oceans by rivers and glaciers is actually carried back to the seas by 
the equatorward-moving dry polar-continental air masses (Fig. 45). 
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In the cycle of atmospheric exchange between land and sea, .moist 
tropical maritime air masses carry oceanic moisture poleward into the 
middle-latitude continents, where it is cooled and precipitated. Con¬ 
versely dry polar continental air masses carry much of the evaporated 
land moisture back again to the tropical oceans. The great surges of 
polar air moving southward over the United States are great invisible 
riv^ers ev^aporating and transporting land moisture in vapor form back 
to the Gulf of Mexico and the tropical Atlantic where it is precipitated. 

108. Latent Energy in Water Vapor. It is common knowledge 
that energy is required in the form of heat to change ice (solid) into 
water (liquid) and water into vapor or steam (gas). The unit of heat 
energy’ the calorie, is the amount of heat required to raise the tempera- 
t lire of a gram of water one degree centigrade. But it takes 79 calories 
to convert a gram of ice into a gram of water at freezing temperature 
and 607 calories to evaporate the gram of water at 32° and convert 
it into water vapor at the same temperature. Since energy is required 
to change the solid into a liquid, and likewise the liquid into a gas, it 
follows that water vapor contains more potential energy than liquid 
water, nnd water in turn more than ice. This stored-up energy in water 
\'a}>or is known as late7it heaU or latent energy. For the most part it is 
transformed sun energy, which has been employed in evaporating 
water, ice, or snow and converting them into water vapor. One reason 
why bodies of water heat slowly is that so much energy is consumed 
in evaporating at their surfaces. That evaporation requires heat is 
evident from the cool sensation experienced when the skin is moistened 
with water or, even better, with alcohol. In this case heat is subtracted 
from the skin to convert the liquid into a gas. If energy is consumed 
in the process of evaporation, then, conversely, energy should again 
be released during condensation. This released heat, knowTi as the 
latent heat of condensation, is an important source of energy in the 
growth of storms and in the production of precipitation. On a night 
when condensation takes place, cooling is retarded by the liberation 
of so much latent heat. 


Solid 

(ice) 


-<■ 


Ev^aporation—heat consumed 


Liquid 

(water) 

Condensation—heat released 


Gas 

(water vapor) 


109. The Condition of the x\tmospiiere ab Regards Moisture. 
The capacity of the air for water vapor depends very largely upon its 
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temperature.^ That the capacity advances at an increasing rate with 

higher temperatures 

is indicated by the 

following table. Thus by 

Maximum Water-vapor Capacity of 1 Cu 

Temperatttres 

. Ft. of Air at VARViNii 

Temperature, 


Difierenee bet treen Sneressit^e 

Degrees Fahrenheit 

Water Vapor, (trains 

10° Intervals 

30 

1.9 


40 

o 9 

1.0 

50 

4.1 


00 

5.7 

\ .(> 

70 

8 0 

‘ i . .3 

80 

10.9 

. 9 

90 

14.7 

3 8 

100 

19 7 

5 0 


increasing the teniperaiiire of a ciihic foot of air 10°, from .SO to 40°. 
the moisture capacity is advanced only 1 gr., while a similar 10° 
increase, from 90 to 100°, results in an increase of .5 gr. It is evident 
that the air on a hot summer day is able to contain much more moisturt^ 
than is cold winter air and is likely, therefore, to have greater potenti¬ 
alities for abundant precipitation. Air over Madison, Wis., in July 
has a water-vapor capacity seven to eight times what it is in January. 
When a given mass of air contains all the water va})or that it is capable 
of retaining it is said to ))e saturated, I'he condition of the air as regards 
water vapor is spoken of as humidify. If air is completely dry, its 
humidity is zero. 

110. Absolute Humidity. The total amount of water vapor that a 
given mass of air contains, expressed in weight of tlie water vapor per unit 
volume (as grains per cubic foot), is called its absolute humidity (vapor 
pressure). Since it expresses the acdual water-vapor content of air, it is of 
some significance in gauging the atmospliere's possibilities for jirecipitation. 
Air over the north-central part of the United States in July has S.5 to .5.5 
times greater absolute humidity than has the January atmosphere. It is 
usually highest in the vicinity of the ecpiator and decnjases toward the 
poles, varying considerably, however, with distance from oceans and other 
more minor sources of moisture. It is commonly higher in summer than in 
winter and is usually greater during the day than at night, all of these 
principal items of distribution being largely controlled by temperature. 

111. Specific Humidity, Specific humidity is defined as the weight of 
water vapor in a unit weight (not volume) of air. It is usually expressed in 

^ Although it is customary to speak of the capacity of the air for water vapor, actually 
the air itself has practically no effect in this respect. A cubic foot of space and a cubic 
foot of air at the same temperature can contain essentially the same amount of water 
vapor. 
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grams of water vapor per kilogram of air. As a mass of air rises or subsides 
its volume changes and hence its absolute and relative humidities, but 
specific humidity is not affected since the relative weights of water vapor and 
air have not been altered. Specific humidity therefore has much more value 
in identifying air masses as tliey move from place to place or as they rise and 
subside. 

IIS. Relative llumMity. Relative humidity is always expressed in the 
form (»f a ratio, fraction, or p<*r(jentage. It represents the amount of water 
vapor actually in the air (absolute humidity) compared with wdiat it could 
hold if saturated at tliat same temperature. As an illustration: Air at 70° 
can contain approximately 8 gr. of water vapor per cubic foot. If it actually 
contains only 0 gr. (its absolute liumidity), tlien it is only three-fourths 
saturated, and its relative humidity is 75 per cent. Relative humidity can 
be altered either by changing the amount of water va])or or by varying the 
capacity of the air, ?.c., changing its temperature. The follow ing table shows 
how air, wdiich was saturated at 40°, acquires succ(‘ssively lower relative 
humidities simply by increasing its temperature, the water-vapor content 
remaining unchanged. Relative humidity is an important determinant of 


Temperat}ir(\ 
Deyree.^ h ah re n h e it 
40 
50 
00 
70 
80 
00 


A b,s‘()iute IIumiditip 
drains 
^ 2.0 
^ 2.0 
• 2.0 
^ 2.0 
2.0 
2 0 


Relai i ve IIn m idity. 
Per Cent Saturated 
100 
71 
51 
30 
27 
10 


the amount and rate of evaporation, and hence is a critical climatic factor 
in the rate of moisture and temperature loss by plants and animals, in¬ 
cluding human beings. 

118. Dew Point and Condensaiion, If air that is not saturated is 
sufficiently cooled, its capacity for moisture thereby being reduced, a 
temperature is eventually reached at w Inch the mass of air is saturated, 
even though the amoimt of water vapor has not been altered. This 
critical temperature at wljich saturation is reached is called the dew 
point. If air is cooled below^ the dew^ point, then the excess of water 
vapor, over and above wdiat the air can contain at that temperature, 
is given off in the form of minute particles of water (if above 32°) or 
ice (if below 32°) and condensation has taken place. For example, 
when the temperature of the air is 80° and the absolute humidity 
8 grains of water vapor per cubic foot, then the relative humidity is 
73 per cent (Table, p. 96). If this mass of air is gradually reduced in 
temperature so that its capacity for water vapor is lowered, it eventu¬ 
ally reaches the dew point 70° and is therefore saturated at that 
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temperature. Further cooling below the saturation point leads to 
condensation, the amount of water vapor condensed being the differ¬ 
ence between the capacity of air at the different temperatures. Thus 
a cubic foot of saturated air at 70°, if reduced to 60°, will result in 
2.3 grains of water vapor being condensed, this being the difference 
between the capacities of a cubic foot of air at those two temperatun-s. 
An equivalent amount of cooling of saturated air at different tempera¬ 
tures does not, however, yield the same amount of condensed water 
vapor. If a cubic foot of saturated air at 00° has its temperature reduced 
20° (to 70°), 6.7 grains of water vapor are condensed (Table, p. 96), 
but a further cooling of 20° (to 50°) releases only 3.9 grains, and the 
next 20° drop only 2.2 grains. It is obvious that warm summer air has 
greater potentialities for abundant precipitation than does cold wint(T 
air. 

Condensation 

114. The only method known whereby water vapor in the atmos¬ 
phere can be converted into the liquid or solid state (condensation) 
is to reduce the temperature of the air behnv the dew point. By cooling 
the atmosphere its capacity for water vapor is lowered, and, if suffi¬ 
ciently reduced, condensation must result. The dew point of any mass 
of air is closely related to its relative humidity. When the relative 
humidity is high, and the air is close to saturation point, only a slight 
amount of cooling may be required before the dew })oint is reached 
and condensation begins. On the other hand, when relative humidity 
is low, as it usually is over the hot deserts, a large amount of cooling 
is required before dew point is reached. Condensation, therefore, 
depends upon two variables: (a) the amount of cooling and (6) the 
relative humidity of the air. If the dew point is not reached until 
the temperature falls below 32°, the condensed water vapor may be 
in the form of tiny ice crystals (white frost, snow, and some clouds); 
if condensation occurs above the freezing point, it will be in the liquifi 
state (dew, fog, and most clouds). 

In explaining the physical principles of condensation it is usually 
assumed that (a) water in the atmosphere is entirely in vapor h)rm 
until saturation is reached, (6) liquid condensation droplets do not 
exist at temperatures below freezing, and (c) all condensation at 
temperatures below freezing is in the solid form. As far as the atmos¬ 
phere is concerned all three assumptions are partly incorrect. Actually 
the formation of fog and some cloud is likely to begin before 100 per 
cent relative humidity is reached. Some smoke fogs over cities occur 
when air is only 90 per cent saturated. The formation of ice on aircraft 
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clearly indicates that condensation droplets in liquid form exist in air 
at subfreezing temperatures. Moreover, these supercooled droplets not 
only exist in air at subfreezing temperatures but actually form when 
condensation occurs at temperatures below 82°. 

All condensation in the free atmosphere occurs around hygroscopic 
nuclei. The most universal condensation nuclei are salt particles 
sprayed up from oceans, and those associated with the burning of 
sulphurous fuels such as coal and oil. 

Millions OF C'OOLING THK AtMOSPIIEHE, AND FoKMB 
OF ('ONDENvSATION RESULTING 

1 \ 5 . l)iiiE('T CooiJNc; BV Conduction and Radiation fkom the Over- 
LYTNCJ Air to a Cold Earth. Since air is a poor conductor, and, moreover, 
since only a relatively small ])art of the wlK)le atmospliere is ever in contact 
with the earth’s surface, the processes here described are not capable of 
cooling sufficiently larf^^e masses of air to give rise to abundant condensation. 
They may, however, result in such minor forms as fog, white frost, and dew, 
all of which arc usually confined to shallow air layers close to the earth’s 
surface. 

IK). Radiation and Cond^wt ion from Quiet Air over Cold Surfaces, Ideal 
conditions for this t\ pe of cooling are a clear sky, little or no wind, a dry 
atmosphere, and relatively long nights. Under these conditions radiation of 
terrestrial energy proceeds very rapidly so that the earth’s surface, which is 
a better radiator than air, soon becomes colder than the atmospheric layer 
resting upon it. The adjat'ent air layer in turn becomes chilled by radiation 
and conduction to the earth's cold surface. Clear skies and dry air are rela¬ 
tively essential to this process, since they permit a rapid loss of heat from 
the earth. Windy nights are not conducive to surface-air cooling, for under 
th(*se c'onditions there is a constant “churning” of the lower air so that it 
does not remain long enough in contact with the earth’s surface to be 
markedly cooled. Moreover, the cooling is distributed throughout a larger 
mass of air. It is a well-known fact that both dew and frost are much more 
likely to occur on nights that are clear and calm than on those when the 
sky is overcast and a wind is blowing. If the temperature of the surface air is 
reduced below the dew point, condensation takes place. This may be in the 
form of (a) dew (if dew point is above 32°) or (b) white frosR (if dew point is 
below 32°), both of which collect on cold objects close to the earth; or con¬ 
densation may take place throughout a shallow layer of surface air producing 
(c) a radiation, or lowland, fog. This last form of condensation is partic¬ 
ularly noticeable in lowlands where, as a result of air drainage, the colder, 
heavier air has collected. Such fogs are therefore associated with temper- 

‘ If the temperature drops below 32° but does not reach the dew point, no deposit 
of frost will occur. Nevertheless a frost has occurred, this type being called a dry freeze 
(61). 
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Fig. 46.—Number of days with dense fog (visibility less than LOOO ft.) in the United States. {After Stone From the Geographwal 
Remeu\ January^ 1936, published by the American Geographical Society of Xnr Yrrrk.) 
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aturc inversions. Thus it often happens that while the slopes and uplands 
of a region may bo (juile clear, the adjacent valhjys are damp and foggy. 
From an elevation one may be able fo perceive numerous “lakes” of 
fog occupying the surrounding dt^pressions. This lowland variety is usually 
short-lived, being evaporated rather (piickly by the sun the following morn¬ 
ing. Tlie famous Ixmdon fogs are of this type, the chilled air collecting in the 
Thames lowland, TIndr darkness and persistence are the result of a “lid" of 
smoke and soot which })revents the penetration of sunlight which would 
evaporate the moistTire particles, (iroiind fogs in the vicinity of landing 
fields are one of the greatest hazards to commercial a^ iation. 

117. Radiation and (Uoidaction from Moving Air over Cold Surfaces. 
Relatively widespread, deiist*, and persistent fogs are the principal form of 
condensation resulting from this type of cooling. Sucli a fog, since it occurs 
in moving air currents, is called an advection fog to distinguish it from the 
lowland or radiation type. There an^ several eharacteristic locations where 
these advection fogs occur. A common one is on tlie fronts of winter cyclonic 
storms where warm, humid air from lower latitudes blows poleward over a 
colder, and often snow-covered, surface. This type is associated in most 
people's minds witii mild, thawing, winter weather. Dense advection fogs 
likewise develop over cool water bodies wliere warm(‘r air from the land 
drifts over the chilly water. This variety is common along the margins of the 
oceans and tlie (ireat Lakes, especially in spring, v^hen the waters are still 
relatively cold (Fig. Id). Similarly, fog may n^sult wlien air from off a warm- 
water body drifts over a colder land surface or wJien air from off a warmer 
ocean passes over a cool current an<l mixes with the chilly air which lies 
above it. The dense fogs in the region of the Grand Banks off Newfoundland, 
where the warm Nortli Atlantic Drift and the cool Labrador Current meet, 
are of this latter origin. Where cool ocean currents j)arallel tropical or sub¬ 
tropical coasts, as they do in southern California, southwestern Africa, and 
Peru, adv^ection fogs are common. In such locations air from the warm ocean 
proper drifts ov^er the cool coastal currents, and the resulting fog is then 
wafted in over the adjacent littoral. It is especially noticeable during the 
cooler hours of the day. Without doubt the mixing that takes place when 
warm and cool air masses intermingle is a cooling process supplementary to 
radiation and conduction. 

118. Cooling Resulting from Expansion of the Air in Rising 
Currents (Adiabatic Cooling). When air rises, no matter what 
the reason, it expands because there is less w^eight of air upon it at the 
higher altitudes. Thus if a mass of dry air at sea level, under an atmos¬ 
pheric pressure of approximately 30 in., rises to an altitude of 17,500 ft,, 
the pressure upon it is reduced one-half, and consequently its volume 
is doubled. A cubic foot of air at sea level would then, if carried to that 
altitude, occupy 2 cu. ft. In making room for itself as ascent and 
gradual expansion take place, other air has to be displaced. As indi- 
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cated in a previous article (55), the work done in pushing aside the 
surrounding air requires energy, and this necessary energy is subtracted 
from the rising air mass in the form of heat, resulting in a lowering 
of its temperature. Conversely, wlien air descends from higher altitudes 
it is compressed by the denser air at lower levels. Work is done upon it, 
and its temperature consequently is raised (55). IL is a truism, there¬ 
fore, that rising air cools, while desceruling air is warmed. The rate of 
cooling or healing resulting from vertical movement of dry or non- 
satnrated air is appn>ximately 5^° per 1,000 ft. change in altitude. The 
rate of cooling of ascending air, therefore, is considerably more* rapid 
than is the normal decrease of temperature (about per 1,000 ft.) 
with increasing elevation (58). These two rates should be clearly 
distinguished as being very different things, for one repr(‘sents the 
cooling of a rising and therefore moving mass of air, while the other 
represents the change in air temperature that would be re(‘orded by a 
thermometer carried up through the atmosphere by a balloon or kitc^ 
Heated air continues to rise until it reaches air layers of its own tem¬ 
perature and density. This process of cooling, by expansion of rising air 
currents, is the only one capable of reducing the temperature of great masses 
of air below the dew point. It is the only one, therefore, which is capable 
of producing condensation on such a large scale that abundant })recipi- 
tation results. There is no doubt that nearly all the earth's precipita¬ 
tion is the result of expansion and cooling in rising air currents. The 
direct result of cooling due to ascent is clouds, a form of condensation 
characteristic of air at altitudes usually well above the earth's surface, 
just as dew, white frost, and fog are forms characteristic of the sur¬ 
face air. Fog and cloud are identical except for differences in height 
above the ground. Not all clouds, to be sure, give rise to precipitation, 
but all precipitation has its origin in clouds and is the result of processes 
that are supplementary to those causing condensation. 

The Formation of Clouds and Precipitation 
IN Ascending Air Currents 

119. Stability and Instability. Since vertical movements of 
the atmosphere are the cause of practically all precipitation, the 
conditions which promote or hinder such movements are of prime 
importance. When air resists vertical movement and tends to remain in 
its original position it is said to be stable. Cold and dry air masses 
are usually stable in character. During a temperature inversion the 
cold heavy surface air has no tendency to rise. Stable air, therefore, 
is not conducive to precipitation. On the other hand when air has a 
tendency to move upward away from its original position, a condition 
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of instability prevails. When such is the case movement is prevalent 
and cloud and precipitation likely. Instability is characteristic of mild, 
humid air in which there is a rapid vertical decrease in temperature. 
Such a condition is common in the warm tropical air from the Gulf 
of Mexico which dominates the weather of eastern United States in 
the summer season. Many times air that is mildly stable is forced to 
rise over mountain barriers or over colder wedges of air. Upon reaching 
condensation level heat of condensation is added and the air then 
becomes unstable and so continues to rise, producing abundant 
rainfall. Such air is said to be conditionally unstable^ i.e., unstable after 
condensation has commenced. 

1^20. Stages in the Cooling of a Rising Air Mass. As a mass of un¬ 
sat iirated air rises, no matter for what reason, it begins to cool at the 
normal rate of about 5.5° per 1,000 ft. of ascent. Thitil it has risen and 
ef)oled siifliciently for the saturation point to he approached, there are no 
condensed licpiid or solid particles in the ascending air. All humidity is in 
vai)or form. For this reason this first stage, without condensation, is called 
tlie dry stage. 

Eventually the ascending and cooling air reaches the dew point, con¬ 
densation begins, or is greatly accelerated, and the rising air enters the 
cloud and rain stage, Tlie air still contains much moisture in vapor form, but 
some of it has been converted into liquid form. Here clouds, composed of 
minute water particles, begin to form. As condensation commences, heat of 
condensation is released into the rising air, so that cooling is at a slower rate. 

It is possible for ascending air to pass somewhat beyond the condensa¬ 
tion level, with a resulting formation of clouds, and still yield little or no 
precipitation. The first condensation takes place around almost innumerable 
hygroscopic dust nuclei, the individual condensed water particles being so 
small tliat they fall very slowly and are probably evaporated before they 
reach the earth's surface. Gray, overcast, cloudy days with no rain are 
consequently very common. However, if the air continues to ascend well 
above condensation level, more and more of these multitudes of conden¬ 
sation nuclei are left behind, literally strained out of the ascending air be¬ 
cause of their greater density or ^veight, so that further condensation must 
take place around fewer nuclei. As a result of the drops forming around 
fewer nuclei, they grow large enough to overcome the force of the ascending 
air, fall, and eventually reach the earth. Growth in size of <lrops is further 
aided by (a) intense turbulence and (6) electrical attraction. There is some 
reason to believe that large-scale precipitatation is not released from a 
cloud until it builds up to such heights that ice crystals begin to form. The 
ice crystals seem to have the same function in releasing precipitation that 
condensation nuclei have in starting condensation. 

When the ascending and cooling air finally reaches a temperature of 
some of the condensed liquid particles already in the air probably are changed 
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into ice. That ’ not all of them are frozen, but that some continue to 
exist in liquid form at temperatures well below freezing, is indicated by the 
fact tliat ice frequently collects on airplanes. As the air continues to rise above 
the freezing level, and cooling continues, much, altliough not necessarily all, 
of the subsequent condensation is in the solid form. In this stage, known as 
the snoiv-and-ice stage^ water vapor in the form of a gas may pass directly 
into the solid form, molecule by molecule, and build a tiny ice crystal. 
Therefore clouds at these subfreezing temperatures commonly are com¬ 
posed of minute ice crystals, although supercooled liquid particles may be 
present as well. Snowflakes are simply agglomerations of these tiny ice 
crystals. 



Fig. 47.4.—Cumulus clouds. {U. *S. Weather Burcav Photographs) 

Cloud Types 

Four principal or pure cloud types are usually recognized, all the other 
numerous types that can be ob.served being modifications or combinations 
of these four. 

121. Cumidus. These relatively fair-weather clouds are distinguished 
by their flat bases and their lieautiful, towering, cauliflower tops (Figs. 47^). 
The flat bases mark condensation level. Cumulus clouds are the result 
of vertically ascending air currents and are usually associated with local 
surface heating on warm summer days. Of course convectional ascent does 
not take place over the entire heated surface, the rising currents being 
localized and having de.secnding cooler currents between them. Thus 
separate and isolated cumuli occur with patches of blue sky between. Some¬ 
times on hot, humid days when convection is exceedingly well developed 
the cumuli may extend to great heights and develop into thunderheads. 
These overgrown cumulus, or cumulo-nimbus, clouds are the sources of many 
local thunderstorms and a considerable part of the earth’s rainfall (Fig. 47.6). 

122. Cirrm. These also are fair-weather clouds, although not infre¬ 
quently they may be forerunners of an approaching storm. They occur at 
great altitudes (5 to 9 miles) where temi>eratures are usually well below 
freezing so that they are composed of minute ice crystals. Cirrus clouds 
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assume various forms, sometimes appearing like white ringlets, curls, or 
wisps of hair (Fig. 48). At other times they seem to form an unbroken thin 



Fig. 47/i.—(.uiinilo-iiimbus cloud, or thuriderhead. In such a cloud most of the earth’s 
thunderstorms originate. (U. S. Weather Bureau Photograph.) 



Fig. 49.— Stratus clouds. {U, S. Weather Bureau Photograph.) 


veil of fibrous texture over the whole sky. In the latter case they produce 
halos around the moon or sun. Never are they thick enough to produce 
shadows, so that they always appear white. 
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1^3. Stratus. These low-lying sheets of cloud form a dull, gray sky of 
uniform color (Fig. 49). Often the gray ceiling stretches unbroken from 
horizon to horizon. They are relatively common in winter, producing gray, 
depressing days. A common method of their origin is mixture along the 
contact plane between two masses of air of different temperatures. 

1*^4. Nimbus. Thick, <lark masses of cloud from which rain is falling 
are called nimbus. They often look like stratus clouds but differ from them 
ill that they are sources of precipitation. 

Forms of Preciittatjon 

1*25. Rain, which is the commonest form of firecipilation is. as stated 
previously (1^0), the result of exaggerated condensation in rising air 
currents at temperatures usually above while snofv forms at temper' 
atures below freezing. Sleti is frozen rain and results when raindrops from a 
warmer air mass above fall through a cold surface layer of air. It is character¬ 
istic of the cooler seasons. Glaze is really not a form of precijiitation but is tlu* 
accumulation of a coating of ice on objects near the earth. Fortunately it is 
not of common occurrence, for the so-called ice storm which produces glaze is 
one of the most destructive of the cool-season types of weather. It occurs 
when rain, near or below the freezing point, strikes surface objects the tem¬ 
peratures of which are below S!2°, and is immediately converted into ice. So 
great may become tlie weight of the ice accumulation that trees are often 
wrecked; telephone, telegraph, and electric wires broken; and their poles 
snapped off. Hail, although the heaviest and largest unit of prt^cipitation 
existing in solid form, is exclusively the product of vigorous convection, 
occurring in thunderstorms, which in turn usually belong to the warm 
season. Hailstones are composed of concentric layers, or shells, of clear ic<^ 
and of partially melted and refrozen snow, re})resenting the successive 
vertical descents and ascents in the tumultuous convectional currents of a 
thunderstorm (170). 

Types of Air Ascent and Precipitation Resulting 

126. It already has been noted that rising air cools and that if the 
temperature of sufficiently large masses of humid air is reduced well 
below the dew point, abundant condensation and precipitation will 
result. It remains now to analyze the conditions under which large 
masses of air may be caused to ascend. Three classes of origin will 
be noted. 

127. Convectional Precipitation. As a result of the heating of 
surface air it expands and is forced to rise by the cooler, heavier air 
above and around it. Ordinarily such rising air, since it cools at nearly 
double the rate of the normal vertical temperature decrease, will rise 
only a few thousand feet before its temperature has been reduced to 
the point where it is the same as that of the surrounding air. At that 
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point where the rising air reaches air strata of its own temperature 
and density, further ascent ceases. But if abundant condensation 
begins before this stage is reached, then heat of condensation is re¬ 
leased, so that, with this added source of energy, the rising air will be 
forced to ascend much higher before reaching atmospheric strata of its 
own temperature. Thus on a hot summer afternoon, when surface 
heating is intense and condensation abundant, the towering cumulo¬ 
nimbus clouds resulting from convectional ascent may be several miles 
in vertical deplli, and precipitation from them may be copious.^ ("on- 
vectional ascent is usually associated with the warm season of the year 
and the warm hours of the day. Since it is essentially a vertical move¬ 
ment of warm, humid air, cooling is rapid, and the rainfall resulting 
is likely to be in the form of heavy showers. Because a cumulo-nimbus 
cloud usually covers only a relatively small area, it quickly drifts by, 
so that the associated shower is not of long duration. Convectional 
rain, because it comes in the form of heavy showers, is less effective 
for croj) growth, since much of it, instead of entering the soil, goes off 
in th(‘ form of surface drainage. This is a genuine menace to plowed 
fields, since soil removal through slope wash and gullying is likely to 
l)e serious. On the other hand, for the middle and liigher latitudes, 
convectional rain, since it occurs in the warm season of the year when 
vegetation is active and crops are growing, comes at the most strategic 
lime. Moreover, it provides the maximum rainfall with the minimum 
amount of cloudiness. 

Of a somewhat different origin is rainfall resulting from the over¬ 
running of warm and less dense air by colder, denser currents aloft. 
When this occurs atmospheric overturning is likely, the cool, heavy 
air sinking to the earth and forcing the warm air upward, often vio¬ 
lently. Heavy downpours may result. 

128. Orooraphic Precipitation. Air also may be forced to rise 
when landform barriers, such as mountain ranges, plateau escarp¬ 
ments, or even high hills, lie athwart the paths of winds. Since water 
vapor is largely confined to the lower layers of atmosphere and rapidly 
decreases in amount upward, heavy orographic rainfall is the result 
of such forced ascent of air, associated with the blocking effect of 
landform obstacles. Witness, for example, the very abundant precipi¬ 
tation along the western or windward flanks of the Cascade Mountains 
in Washington and Oregon, along parts of the precipitous east coast 
of Brazil, which lies in the trades, or bordering the abrupt west coast 
of India, which the summer monsoon meets practically at right angles. 

^ Thunderstorms and their rainfall are dealt with in greater detail in the next 
chapter on storms. 
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The leeward sides of such iiiouiilaiii barriers, where the air is descending 
and warming, are characierislically drier (Fig. 50). This is called the 
rain shadow. The blocking effect of a mountain is normally felt at some 
distance out in front of the abrupt change in slope, the approaching 
wind riding up er a mass of stagnant air along its front. The belt 
of heaviest orographic rainfall along a mountain front usually is not 
far above the point where precipitation begins, although its elevation 
v^aries with the season, exposure, and latitiule. In the Alps the mean 
elevation of the zone of maximum precipitation is approximately 
6,500 ft.; in The Himalayas it is 4,000 ft. The most ideal condition for 
producing heavy orographic rainfall is when a high and relatively 
continuous mountain barrier lies close to a coast, and the winds from 
off a warm ocean meet the barrier at right angles. Orographic rains 
have less seasonal and daily periodicity than do those of convectional 



Fig. 50.—When moist vsinds are forced to ascend mountain barriers, heavy pre¬ 
cipitation usually falls on the windward slopes; but leeward slopes where air is descend¬ 
ing and warming are drier. 

origin. In monsoon regions, very naturally, the maximum is at the 
time when air is moving from sea to land, usually high sun, or summer. 
In other regions the strength of the winds, the angle at which they 
meet the mountain barrier, or the contrast between land and water 
temperatures may determine the sea.son of maximum orographic 
rainfall. 

It seems likely that a considerable part of the excess precipitation 
associated with highlands is not the result of direct forced ascent of 
the prevailing winds, in other words, not simple orographic in type. 
(Certainly of great importance are such indirect effects as (a) the 
production of convectional currents up mountain slopes exposed to 
strong insolational heating; (b) the ‘‘pinching" or “blocking" effect 
upon cyclonic storms; and (c) the providing of a “trigger" effect that 
gives the initial upthrust to conditionally unstable air masses. Some¬ 
times only a slight amount of lifting is necessary to bring these air 
masses to condensation level, after which they become unstable and so 
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continue to rise, yielding abundant rainfall. Thus highlands of less than 
3,000-ft. elevation, although perhaps iiitlucing lU) great amount of 
direct orograf)hic precipitation, may by these indirect means become 
much rainier areas than the surrounding lowlands. 

129. ('yclonic Precipitation.^ In low-pressure storms (cy¬ 
clones) of middle latitudes air from various directions, and conse¬ 
quently of different temp(‘ratures and densities, tends to converge 
toward a center (154). As a result of convergence and consecjuenl 
lifting, plus the underrunning of warmer, lighter air masses from lower 
latitudes by colder, denser air currents from higher latitudes, large 
volumes of air are caused to ascend. Unlike convectional ascent, which 
involves direct vertical lifting, the warim^r air in cyclones more often 
rises obliquely, and therefore slowly, along mildly inclined surfaces 
of cold, dense air, and cooling as a consequ(‘nc(' is less rapid. As a result 
of the slower ascent and cooliiig, precipitatif)n in cyclones is charac¬ 
teristically less violent than in thunderstorms and is inclined to be 
steadier and longer continued. The dull, gray, overcast skies and drizzly 
precipitation of tlu‘ cooler months in middle latitudes, producing some 
of the most unph'asant weather of those .seasons, are usually associated 
with cyclones. When ovcrniiining of warm surface air by cooler currents 
aloft occurs in a cyclone, heavier down}>ours may occur. These storms 
are most numerous and b<\st developed during the cool season. Where 
they dominate weather conditions, therefore, they tend to produce 
fall or winter maxima in precipitation curves. Alost of the winter 
precipitation of lowlands in the middle latitudes is cyclonic in origin. 
In the tropics, as well as in the middle latitudes, cyclones are important 
generators of preci[)itation, although the storms of low latitudes are 
of a different origin, and their rainfall may be likewise. However, 
convergence of air and consecpient ascent are characteristic of all 
low-pre.ssure storms, whether in low or in middle latitudes. 

130. Important Precipitation Data. At least three items con¬ 
cerning precipitation of a region are of outstanding importance: (a) its 
total average amount, or depth, for the year (Plate II); (h) its seasonal 
periodicity; and (c) its dependability, both annual and seasonal 
(Fig. 79). Origin (convectional, orographic, cyclonic), and therefore 
general character, is also significant. It is the total average amount 
which usually receives the principal attention, although this practice 
cannot be defended. Geographically speaking, the fact that Omaha, 
Neb., receives 30 in. of rainfall annually is no more significant than the 
fact that 17.4 in. (58 per cent) falls during the months from May to 

^ Cyclones and their precipitation are considered in greater detail in the following 
chapter on storms 
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August inclusive, and only 3.3 in. (11 per cent) falls during the period 
November to February inclusive. Time of occurrence therefore is 
coequal in importance with amount. Variability in the total amount 
of precipitation from year to year (its dependability) is hardly of less 
importance, especially for regions that are normally subhumid. It is a 
general rule that variability increases as the amount of rainfall 
decreases. 

The average annual amount of rainfall and its characteristic sea¬ 
sonal periodicity at any place (rainfall regime) depend upon (a) 
accessibility to moisture-bearing winds, usually from the ocean; 
and (b) the existence of conditions, principally storms, favorable to the 
condensation of water vapor. Both conditions are essential. The accessi¬ 
bility of a region to moisture-bearing winds is related to (a) the general 
distribution of pressure and winds; (b) the character of surface con¬ 
figuration; and (c) the distance from oceans, the principal source of 
water vapor for the lands. 

Note. Logically the preceding discussion of humidity and rainfall 
should be followed by an analysis of the distribution of precipitation over 
the earth. The discussion of rainfall distribution is omitted at this point, 
however, because that topic is adequately treated in later chapters (VII-Xl) 
dealing with climatic types and their distribution over the earth. 





Chapter VI. Storms and Their 
Associated Weather Types 


131, Storms as Gb:nerators of Precipitation. It is a common 
misconception that air blowing in from the ocean over the land is the 
immediate and direct cause of rainfall. This is rarely the case except 
in a minor way, possibly as a re.sult of frictional retardation of the 
lower air currents with a consequent overrunning and lifting of those 
aloft. There are j)lenty of illustrations on the daily weather maps, 
where air blows in from the sea over flattish land areas with no rainfall 
resulting. Put this is not to say that the land or sea origin of air is of 
little consequence in affecting the probability of precipitation. On the 
contrary, it is significant and for the reavson that air from over the sea 
is likely to have a more abundant supply of water vapor and so has 
greater potentialities for rain. 

But actually to cause condensation on a large scale, with resulting 
precipitation, there is a further requirement than just abundant 
atmospheric moisture. That requirement is some method of causing 
a large volume of air to be lifted and consequently cooled. Elxccpt 
where orographic barriers are the cause for ascent, storms arc the 
principal centers of rising air, with the result that storms of various 
types arc the earth’s principal generators of precipitation. 

A large quantity of moisture in the air is meteorologically signifi- 
cant, not only as a potential reservoir for rainfall, as indicated above, 
but also because it creates an atmospheric environment conducive to 
the development and growth of storms. Tremendous amounts of latent 
energy (heat of condensation) are stored up in the atmosphere’s water 
vapor, where it is available for the production and growth of storms 
(108). Dry air, therefore, has less potential storm energy than humid 
air. It is especially with rain-producing storms that this chapter deals. 

Moving^ Cyclones and Anticyclones 

132. Classes of Cyclones and Anticyclones. The terms 
cyclone and anticyclone are applied to a variety of storms of contrast- 

^ This title is employed in order to distinguish the storms here described from the 
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ing types and characteristic locations. Thus there are (a) nonviolent 
cyclones and anticyclones of the intermediate zones, characteristic 
particularly of the cooler seasons. Jn fact they are so prevalent in 
the middle latitudes that the “ j)revailing’’ westerly winds are scarcely 
obvious on the daily weather maps. More commonly the surface winds 
appear to be converging and diverging circulations around distinct 
centers, these beijig respectively cyclones and anticyclones. It is 
analogous to a river’s being so full of eddies and whirlpools that it is 
difficult to detect the direction of the main current. These character¬ 
istically mild storms of the middle latitudes stand out by contrast 
with (h) the smaller, but more intense, cyclones (hurricanes and 
typhoons) of tropical latitudes, the latter storms commonly b(‘ing 
violent and destructive. In addition to these severe storms of tln^ 
tropics there arc, also, (c) in the low latitudes many weak, slow-moving 
cyclones which j^roduce heavy rainfall but which are usually associated 
with only weak winds. This last type of cyclone likewise occurs in 
certain subtro})ical parts of the middle latitudes during the warm 
season. Ea(‘h of the three ty])es noted above is an imf)ortant element 
of weather and climate in those parts of the earth where it is character¬ 
istic. At least the first type is important in ]>roducing temperature 
conditions and changes, but no doubt the chief climatic significance 
of moving cyclones as a class of storms is that within them great mass(‘s 
of air are forced to rise, resulting in j)recipitation. 


Middle-latitude Cyc lones and Anticyclones^ 

GENERAL (TIARACTERISTICS. APPEARANCE, SIZE, AND DIRECTION 
AND RATE OF MOVEMENT 

133. Of principal importance in producing the frequent, erratic, 
and nonperiodic weather changes so characteristic of middle latitudes 

stationary, semipermanent centers of high and low pressure, also designated as cyclones 
and anticyclones. 

^ The organization of the discussion on middle-latitude cyclones as it appears in 
this book is admittedly a compromise which the author has adopted largely because of 
the nature of the LInited States daily weather map. This publication as sent out by the 
district forecast centers still represents cyclones and anticyclones as pressure entities 
defined in terms of sea-level isobars. Air masses and fronts are not shown. Only the map 
that is made up in Washington, D. C., contains these data. Until such time as the pub¬ 
lished daily weather maps available to the country at large contain this information 
it is obviously unwise in a textbook of this type to adopt a kind of treatment of storms 
which the ordinary daily weather map is not able to illustrate. Sample copies of the daily 
weather map showing air masses and fronts, published at the Weather Bureau’s office 
in Washington, may be obtained for teaching purposes. 
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are the moving cyclones and anticyclones which fill the westerly wind 
belt. In such regions the fickleness of the weather is proverbial, and 
it is in these parts of the world that weather-forec^asting services are 
most necessary and best developed. No two st()rms are exactly alike, 
so that the generalizations concerning cyclones and anticyclones which 
follow must not be cx})ected to fit any particular storm in all respects. 
Moreover, they differ somewhat from region to region. 

134. Nature and Ia^cation. Cyclones are low-pressure storms 
and commonly go })y the name of or fJepres.nonSy while anti¬ 

cyclones are high-j)ressure areas and are called highs. The cyclom^ 

DIVERGING WINDS CONVERGING WINDS 




Fig. 51. Surfarc \\inH systems in stationary cyclones ami anticyclones diagrani- 
inatically represented. Solid arrows indicate dir<*ctioii of air How on a nonrotating 
earth; dashed arrows, the d<dlected winds on a rotating (‘arth. l*ressure readings in 
inches and millibars. 

must, therefore, be a mass of light air since surface pressures are low, 
while, conversely, the anticyclone, or high, is a mass of heavier air. 
Since these storms are prevalent throughout the westerly wind belts 
they are best known in those latitudes between parallels 35 and 65° in 
each hemisphere. Because cyclones anti anticyclones are traveling 
storms within the westerlies, it is to be expected that they will be 
carried by those winds in general from west to east, much in the same 
way that a whirlpool in a river is carried downstream by the main 
current. 

135. Appearance. As one sees these storms on the published 
United States weather map they are represented by a series of closed, 
concentric isobars, roughly circular or oval in shape (Fig. 51, Plate 
III). In the cyclone the lowest pressure is at the center, and it increases 
toward the margins; while in the anticyclone pressure is highest at 
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the center and decreases outward. If the isobars in a low are imagined 
to be contours, then the cyclone i^esembles a circular or oval depression, 
while the high has the appearance of a dome-shaped hill. There is no 
definite amount of pressure that distinguishes lows from highs; it is 
entirely a relative thing. Normally there are several tenths of an inch 
pressure difference between the center and circumference of a low. 
Occasionally a large and particularly well-developed winter cyclone 
may show a diff(‘reiice of as much as 1 in. In highs the pressure differ¬ 
ence between center and margins is usually in the neighborhood of 
i- in., although it may be double that in some instances. It is a general 
rule that both cyclones and anticyclones are less well developed, hav(* 
smaller differences in jjressure, weaker pressure gradients, and travel 
at lower speeds in suinmer than in winter. 

136. Size. There are great variations in the size of these storms, 
but on the whole they s[)read over extensive areas, sometimes eovering 
as much as one-third of the United States, or 1 million square miles, 
although most of them are smaller. They are extensive rather than 
intensive. Thus a normal cyclone with a vertical thickness of 6 to 7 miles 
probably will have a diarpetcr one hundred times as great. Cyclones 
are inclined to be elliptical or egg-.shaped in contour, with the narrow 
end toward the ecpiator. The long axis, extending in a northeast- 
.southwest direction, is commonly nearly twice the length of the short 
one (northwest-southeast), .so that a typical well-developed winter 
cyclone might show long and short diameters of 1,200 and 650 miles 
respectively. Anticyclones are inclined to be somewhat larger, their 
diameters averaging roughly 25 per cent greater than those of 
lows. 

137. Direction and Rate of Movement. As noted in an earlier 
paragraph, lows and highs travel in a general west-to-east direction, 
carried along by the upper-air .system of westerly winds in which they 
exist (Plate III). That is not to say, however, that storms always move 
due eastward. To be sure, they follow different routes, and there are 
some regions of concentration and others of divergence, but in spite of 
their vagaries in direction, as well as in rate of movement, their progress 
is, in general, eastward. The direction and rate of movement of cyclones 
are approximately those of the upper winds. It is easy to understand, 
therefore, why a weather forecaster in the middle latitudes bases his 
prediction upon weather conditions to the west, rather than to the 
east, of his station. Those storms to the east already have gone by; 
those to the west are approaching. There is a tendency for storms to 
follow certain general tracks, and a more detailed account of world- 
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wide storm movements, and tlie routes followed, will appear later in 
the chapter (161, 162). 

Variability in rate of movement is characteristic, both as to season 
and as to individual storms. In the United States storms move east¬ 
ward across the country at velocities averaging 20 miles an hour in 
summer and 30 miles an hour in winter, with the highs somewhat slower 
than the lows. In summer, when the whole atmospheric circulation is 
slowed down, storm speeds are reduced, and the contrasts between 
cyclones and anticyclones arc less pronounced. As a consequence, 
warm-season weather is less changc^able, and atmosjdieric disturbances 
are less violent. In the winter season a well-developed low character¬ 
istically requires 3 to 5 days for the transcontinental journey across 
the United States. 

Just as temperature, pressure, and wind belts shift north and south, 
following the movements of the sun's rays, poleward in summer and 
equatorward in winter, so also do the storm tracks. This fact helps 
to explain the fewer and weaker storms over the lower middle latitudes 
in summer as compared with winter. 

Origin and Structure op Cyclones and Anticyclones 

AIR MASSES AND FRONTS 

A comprehension of the nature and origin of air masses and fronts is 
necessary to an understanding of the characteristics of storms and the 
weather that is generated by them. 

138. Definitions and Characteristics. An air mass is an exten¬ 
sive portion of the atmosphere whose temperature and humidity 
characteristics are relatively homogeneous horizontally. Such an air 
mass develops whenever the atmosphere remains in contact with an 
extensive and relatively uniform surface for a sufficiently long period 
that the properties of the air become similar to those of the surface 
on which it rests. Uniform areas of the earth’s surface where air masses 
develop are called source regions. The snow-covered Arctic plains of 
Canada and Siberia in winter, large areas of tropical ocean, and the 
hot arid Sahara in summer are good examples of source regions. As a 
rule air masses do not remain long in their source regions but sooner or 
later move outward from them into other areas whose weather is 
thereby affected by the invading air mass. Air masses are able to travel 
great distances from their regions of origin and still maintain many 
of the properties attained at their sources. Because of their great size 
and the slowness with which they are modified it is easy to trace the 
movement of air masses from day to day. 
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When air masses having different temperature and humidity 
characteristics come together, they do not mix freely with each other 
but tend rather to remain separated with more or less distinct sloping 
boundary surfaces between them, the warmer and therefore less dense 
air mass being forced aloft over the wedge of colder air (Fig. 52), The 
sloping boundary surfaces separating contrasting air masses arc called 
surfaces of disvonliu uiiif or fronts. \ Usually marked changes in tempera¬ 
ture and humidity can be observed as one crosses a front. The location 
of fronts, both at the earth’s surface and aloft, and the nature of 



A. COLO FRONT (VERTICAL SECTION) 


TRUE SCALE 



B WARM FRONT (VERTICAL SECTION) 

Fig. Surface fronts and <liscoiitinuity surfaces. (After Haynes.) 

the contrasting air masses on either side of them, is of great importance 
in weather forecasting, for along such fronts a great many storms and 
associated weather changes originate. Whenever there is a convergent 
movement of air masses, such as characterizes low-pressure systems, 
frontal discontinuities are likely to be present. 

The air-mass concept should be thought of as a further refinement 
of the earth's wind system. Certain air masses arc relatively synony¬ 
mous with a particular wind belt. F^or example, equatorial air masses 
are much the same as the doldrums. Polar air masses, which arrive 
from higher latitudes, in part are southward surges of the polar easter¬ 
lies. It is recognized, however, that although belonging to the same 
general wind system there may be various types of polar air masses 
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having inarkcidly different characteristics, de]>eiuling on the season 
of the year as well as the nature of the polar source region. Thus polar 
winds from oH* an open s(‘a are strikingly different in temperature and 
humidity from yK)lar winds from off a snow-covered continent. It is 
well to have in mind, therefore, that the discussion on air masses is 
largely suj)})lementary to the treatment of the earth's wind systems 
in Chap. IV. 

139. Ci.AssiFK^ATioN OF Aiu Masseb. Aliy classification of air 
masses must be liased primarily nyion the cliaraeterisiics of their source 
regions. The latter fall naturally into two groups, those of high latitudes 
{polar and subpolar) and those of low latitudes (equatorial^ tropical^ 
and subtropical) . it is largely in the high and the low latitudes that 
there arc large areas of relatively homogeneous surface conditions and 
relatively light air movement. I'he middle latitudes are the scene of 
intense interaction between the jiolar and trojiical air masses and 
generally lack the uniformity of conditions essential to a source region. 

The air-mass classihcation may be further refined by dividing the 
polar (P) and tropical ( T) source tyf)es, on the general basis of moisture 
and temj)erature differences, into continental {(') and maritime {M) 
subgroups. It is further necessary to take into consideration the par¬ 
ticular season of th(‘ year, for some source r(‘gions differ markedly 
iietwecn winter and summer. Air masses are designated by the name or 
abbreviation of the sour(‘e region. When they have become somewhat 
modified in thermal and moisture characteristics as a result of moving 
into other regions the letter A' (neutralized) is prefixed. The letters K 
and W are sometimes a(Ide<l to the letters indicated above to show 
that the air mass is colder (K) or warmer (IC) than the surface over 
which the air is movdng. 

For the Northern Hemisphere five general types of source regions 
may be distinguislu'd: (a) the source regions of cold air, which include 
the polar areas and y)arts of the northern continents; (b) the source 
regions of tropical air which occupy the subtro])ical high-pressure 
belt, and adjacent portions of the trades; (c) the regions of transition 
between polar and tropical air; (d) the equatorial regions; and (e) the 
monsoon region of transition between polar and eejuatorial air, with 
polar air dominant in winter and eq\ialorial air in summer. 

140. North American Air Masses. Thifortunately there is not 
available at the present time information that would make possible a 
treatment of the air masses that affect the weather and climate of 
each of the continents. Chief consideration is given here to the 
classification and discussion of North American air masses. 
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Classification of Important American Air Masses by Geographical 

Source Regions 


Source by 

Loral S 07 irce region 

Correspouding air 

Sym- 

Seasofi 

Latitude 

Nature 

mass 

hoi 


Continental 

{cP) 

Alaska, Canada, 
and the Arctic 
Modified in South¬ 
ern and (Central 
IT. S. 

Polar Canadian 
(Polar continental) 
Transitional Polar 
Canadian 

Pc 

Npe 

Entire 

year 

Entire 

year 



North Pacific Ocean 

Polar Pacific 

pp 

Entire 

Polar {P) 

Maritime 

(mP) 

Modified in West¬ 
ern ami Central 

U. S. 

Transitional Polar 
Pacific 

Npp 

... ... 

year 

Entire 

year 


Colder portions of 
the North Atlantic 
Ocean 

Modified over 
warmer portions of 
the North Atlantic 
0(‘ean 

Polar Atlantic 

Transitional Polar 
Atlantic 

Pa 

A pa 

Entire 

year 

Spring 

and 

Summer 



Gulf of Mexico and 
Caribbean Sea 
' Modified over U. S. 
or the North At¬ 
lantic Ocean 

Tropical Ciiilf 

dVaiisitional trop¬ 
ical maritime 

Ty 

1 Ntm 

or 

Ntg 

Entire 

year 

Entire 

year 

Tropical (T) 

Maritime 

(mT) 

Sargasso Sea (Mid¬ 
dle Atlantic) 
Modified over IJ. S. 
or the North At¬ 
lantic Ocean 

Tropical Atlantic 

Transitional trop- 
cal maritime 

Ta 

Ntm 

or 

Nta 

Entire 

year 

Entire 

year 



Southeastern Pacific 
Ocean 

Modified over 
Southwestern U. S. 
and Northeastern 
Pacific Ocean 

Tropical Pacific 

Transitional trop¬ 
ical Pacific 

Tp 

Ntp 

Entire 

year 

Entire 

year 


Upper-air 

subsidence 

Upper levels of sub¬ 
tropical highs 

Tropical Superior 

Ts 

(or S) 

Entire 

year 
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141. Pc {Polar Canadian^ Polar Continental) Air Masses. The source 
region for the vrinter Pc air masses of North America is the ice-covered 
northern interior of Canada, Alaska, and the Arctic Ocean. Their 
characteristic properties are extreme coldness and low absolute and 
specific humidity. Severe winter cold waves are associated with rapid 
southward movement oi Pc air. Marked sLa})ility and a large tempera¬ 
ture inversion persist as long as the Pc air mass moves southward over 
a snow-covered surface. Rarely does it become genuinely unstable in 
the Mississippi Valley before reaching the (lulf of Mexico. Cloudless 



Fig. 53. —Source rcKious of air masses common to North America. (After Transconti- 
nrnfal and Western Airways^ Inc.) 


skies arc a distinctive characteristic. Over northeastern United States 
and the Atlantic seaboard Pc air shows more cloudiness and has some¬ 
what higher surface temperatures. This results from passage over the 
ofien water of tlie Great Lakes in wdiiter and the presence of numerous 
highlands in the eastern part of the country (Fig. 53). 

Source properties of American Pc air in summer are markedly 
different from those in winter. Long days cause the bare snow-free 
surface to become much warmed so tliat the air is heated from the 
ground instead of being chilled from beneath as in winter. A fairly low 
moisture content, moderately low temperatures, and absence of clouds 
are characteristic of Pc air in summer. 
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142. Pp {Polar Pacific) air masses originate in the Arctic or sub¬ 
arctic but reach the west coast of the United States after having 
traveled for relatively long distances ov^er the warm waters of the 
North Pacific. Thus while in its source regions winter Pp air resembles 

its sojourn over the North i’acific changes it from a cold, dry, 
stable mass to one which is relatively unstable and whose surface strata, 
at least, are niild(‘r and com|)arativ^ely humid. On the Pacific (\>ast 
cloudy, showery conditions are commoidy associattnl with onshore Pp 
air. Important modifications result as this air mass crosses lh(‘ western 
mountains and reaches the interior of the counlry. 'Phere its moisture 
content is much lower and stability greater. Idie finest winter weather 
east of the Rockies prex ails in the A pp (modified J*p) air masses- mod¬ 
erate winds, clear skies, and relatively mild temperatures (Fig. 58). 

In summer Pp air is characterized by marked coohu*ss and dryness. 
The cloud cover and showers charact(‘ristic of wintcT ar(‘ definitely 
absent, for stability is rc^latively great. In general Pp air at Seattle is 
characterized by greater stability than is Pe air at inland stations. 
After they r(‘ach tlu‘ interior of the country it is (|uite impossible in 
summer to distinguish Pp from Pe air masses. 

148. Pa {Polar Atlantic) air masses originate over the cool Atlantic 
w^aters between (.'ape (A>d and Newfoundland. "Phey W(‘re originally Pc 
air which moved ofi‘ the continent and were modified over the cold 
waters. Owing to the prevailing west-east air movement the North 
Atlantic is not an important so\irce region for air mass(\s aff(*cting 
North America. This is especially true in winter. Seldom does its 
effect extend beyond the Af)palachians. In winter Pa air is character¬ 
istically dry and stable aloft, while the surface layer is moderately 
unstable, moist, and chilly rather than cold. As compared with Pp air 
at Seattle the lower levels are cold<*r, drier, and more stable. As Pa 
air comes onshore in winter it results in w^eather with surface tem¬ 
peratures near freezing, high relative humidity, low visibility, and fre¬ 
quently light flurries of fine mist (Fig. 58). 

Pa air masses have their greatest influence upon American weather 
in late spring and early summer. At that time of year the North 
Atlantic waters are abnormally cold compared with the adjacent 
continent so that they become a source region of genuinely cold air for 
the whole coastal area east of the A})palachians and north of (^ape. 
Hatteras. Pa summer air is distinctly cool, relatively stable, and shows 
only thin and broken clouds from w^hich precipitation never falls. 

144. Tg {Tropical Gulf) and Ta {Tropical Atlantic) air masses have 
their origin ov'er the warm waters of the Gulf of Mexico and the 
Caribbean Sea or over the Sargasso Sea of the Atlantic proper. Tg 
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and Ta air are so essentially similar that they are here discussed 
together and are referred to jointly as Tg. Marked warmth and high 
moisture content at lower levels are characteristic even in winter. 
Convective precipitation rarely occurs within Tg air mass in the 
cool season, hut along a warm front, wfiere it is forced to ascend, 
precipitation may he extremely heavy. C'ornhined with warmth and 
high humidity there is likely to he considcrahle cloudiness of the low 
stratus ty])e, es})ecially during the night and early morning. As the 
Tg air moves poleward, the ground strata are cooled hy contact with 
progressively colder earth, and where air movement is slight dense 
fog frecjuently is the result. In rather strong air currents dense mist 
or fine drizzle is likely (Fig. 53). 

Because of ])rcvailing sea-to-land pressure gradients over eastern 
United States in summer, Tg air is ahle to extend much farther into the 
interior of the coiitinent at that season than in winter. It is responsible 
for the o])f)ressive humid heat which characterizes the summer weather 
of much of central and eastern United States. As it leaves its source 
region summer Tg air is somewhat warmer and more humid than it is 
in winler. Moving in over the continent and continuing northward over 
the warni land, there is a tendency for its surface layers to increase in 
temperature. Midday instability with numerous widely scattered local 
thunderstorms is characteristic of the air mass. 

145. Tp {Tropical Pacijic) air 7nasses have their origin in the 
subtropical latitudes of the southeastern Pacific Ocean. Because of the 
relatively cool ocean surface in this source region Tp air in winter is 
only moderately warm, or even cool, at h^ast near the ground. Water 
vapor contcTit may he moderately high in the surface strata but 
certainly far from great considering that its source region is a tropical 
ocean. Clouds are absent until the Tp air has moved some distanee 
northward from its source and surface cooling has resulted. On the 
other hand, heavy winter rains along the Pacific Coast and as far 
inland as the Great Basin or the southern Plateau may result when Tp 
air is foreced to overrun colder air masses. When cold air masses are 
absent Tp air may sweep })oleward along the Pacific Coast as far as 
Seattle or beyond with little or no rain. 

During summer Tp air masses play a very minor part in Pacific 
(x)ast weather, Pp air certainly dominating the situation as far south 
as southern (California. It seems probable that in the Plateau and 
Rocky Mountain regions air of possible Tp origin may be responsible 
for the considerable cloudiness and widespread thunderstorms which 
develop there in the warm season. Recent studies seem to indicate 
that this air is more oi Tg than oi Tp origin, however. 
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146. Ts {Tropical Superior) air masses are present over southern 
and central United States at intermediate and upper levels throughout 
most of the year. On the western plains and especially in the Southwest 
Ts air may occur as a ground current. It is the warmest air mass to be 
observed, and this heat is associated willi very low relative humidity. 
The hot dry weather which occurs over the western plains in summer 
and farther to the southwest even in winter is always associated with 
Ts air. Its origin is som(‘what uncertain, but its most logical source 
appears to be the higher levels of the subtropical belt of high pressure, 
more specifically the Pacific anticyclone. 

147. Air Mashes of Eurasia. The air masses that control the 
weather of Europe are in many resjiects similar to those of western 
North America. Thus Polar Atlantic air in western Europe is essentially 
similar to Polar Pacific air in western United States, and Tropical 
Atlantic air in Germany is not unlike Tropical l^icific in British 
(Vilumbia. The contrasts in the relief of the two continents, however, 
permit the deeper entrance of the maritime air masses in Europe. 
Polar Continental air masses influence the weather and climate of 
eastern and central Europe chiefly but less freciuently that of western 
Europe. The general west-to-east atmospheric circulation in these 
latitudes makes a reverse east-to-west movement of air masses rela¬ 
tively unusual. Dry, warm Tropical ('ontincntal air from the desert 
lands of northern Africa only occasionally affects the weather of central 
and western Europe, but it is a major control in the Mediterranean 
borderlands. 

I^astern Asia in its air-mass characteristics resembles eastern North 
America. In winter, dry cold Polar Continental air from the Siberian 
anticyclone dominates the weather. Tropical maritime air plays a 
much less important role and rarely is felt north of the Yangtze Valley. 
When forced to overrun Pc air in cyclonic storms, it yields precipi¬ 
tation. In summer, on the other hand, tropical and equatorial maritime 
air masses pretty much dominate the weather of southern and eastern 
Asia, and Polar air is much less frequent than in winter. 

148. Cyclonic Development and Structure. By a large group 
of air physicists it is believed that the cyclone originates as a wave 
along a front separating two contrasting air masses. If this is true then 
those regions of the earth where large-scale air currents of different 
properties converge, and therefore numerous fronts develop, should be 
primary regions of cyclonic origin. Such a region of cyclo-genesis exists 
southeast of Greenland, which is the meeting place of intensely cold 
air masses from the Greenland Ice Cap and the mild ones coming 
from over the relatively warm waters of the North Atlantic Ocean. It 
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appears now that much of the world’s weather is associated with 
storms that develop along the boundary surfaces separating unlike 
air masses. Where there are numerous fronts, therefore, storms should 
be numerous and weather changes frequent. 


(a)/ (b) (c) 





Fig. 54.—(irowth and structure of a middle-latitude cyclone, (a), (5), and (c) 
Stages in the development of a cyclone, (d) The fully developed cyclone on a .somewhat 
larger scale and in more detail, (c) A cross section of the same storm. {Modified after 
NamiasJ) 

On the daily weather map a cyclonic storm is often first noted as a 
slight indentation along a front. It takes the form of a very shallow 
thrust of warm air into the mass of colder air. As the wave or inden¬ 
tation deepens the storm grows in size and intensity. Figure 54 illus- 
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trates a part of the life history of a cyclonic storm. It appears from 
this diagram that the storm is composed of two essentially different 
air masses (Fig. 54^4). To the south and southeast is a poleward 
projection of warmer humid air being fed by southerly currents from 
tropical latitudes. Envelo})ing this projection of tropical air on its 
western, northern, and northeastern sides is colder, drier air, often of 
polar origin. In the wind system acquired by the developing storm the 
air movement is such as to cause the tropical air to advance over the 
cold air in one ])art and for the cold air to underrun retreating warm 
air in still anotlier part. The lifting of the warmer air over the cold 
commonly leads to condensation and precipitation. That part of the 
front separating the two air masses which lies ahead of the advancing 
tongue of warm air is called the warvi front (Fig. 52). Here the aggres¬ 
sive warm air currents leave the earth’s surface* and rise up over the 
retreating wedge of cold air along a surface of discontinuity. That part 
of the front lying behind the wedge of warm air is called the cold front 
(Fig, 52). Along this front the cold air is the aggressor, and it pushes 
in under the retreating warm air, forcing it to rise, often with vigor. 
The advance of the cold front is retarded by friction with the ground 
so tluit there is a tendency toward a piling up of the cold air in the 
foremost ])ortion of the advancing current. This often leads to an 
overrunning by cold air aloft of warm air at the surface. Warm air is 
thereby entrapped below the overrunning cold air, under which con¬ 
ditions violent convectional overturning may occur (Fig, 54). 

Jn normal cases the cold front advances more rapidly than the 
warm front so that it gradually catches u)) with and eventually 
overtakes the warm front. When contact between the cold air masses, 
one on the front and the other on the rear of the storm, has been made, 
and the intervening warm air has been lifted above the earth’s sur¬ 
face, an occlusion is said to have taken place. Occlusions are normal 
developments in the life history of middle-latitude cyclones. In eastern 
United States the cold air mass behind the cold front is usually colder 
than that ahead of the warm front so that the resulting front has the 
aspects of a new cold front. Precipitation along occluded fronts results 
from continued lifting of the warm air, now everywhere above the 
earth’s surface, as well as from the vertical dis])lacement of the less 
dense of the two cold air masses. 

Wind Systems in Cyclones and Anticyclones 

Among laymen the terms cyclone and tornado often are used 
synonymously, but incorrectly, to represent any violent and destructive 
windstorm. While such is the nature of hurricanes and tornadoes, it 
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is not the character of most intermediate-zone cyclones, which are a 
quite different type of storm. Occasionally there are winter cyclones 
and anticyclones accompanied by boisterous winds which produce 
blizzard conditions and raise heavy seas on the oceans and large lakes, 
but even these are not violently destructive. By far the larger number 
of lows and highs are accompanied by winds of only moderate velocity. 
It is the structure, or system, of winds in these middle-latitude storms 
that is distinctive, not their velocities. 

149. Wind System in Cyclones. Seen in the ordinary two- 
dimension aspect as they appear on a United States weather map, where 
a cyclone is represented as a scries of roughly concentric isobars with 
the lowest pressure at the center, air flow is from the circumference 
toward the center of the storm. In other words, it is a converging 
system of winds (Fig. 51). This convergence of surface air currents 
toward the center would of necessity result in the filling up and 
annihilation of tlic low pressure unless there was slow rising of air 
masses near the center and removal by outflow aloft. No doubt this 
actually happens. The updraft is not to be thought of as an uprush 
of vertically ascending air, such as takes place in a thunderstorm. 
More commonly it is a moderate lifting of air, usually along inclinetl 
planes of mild gradient, resulting from convergence of air masses of 
contrasting temperature, humidity, and density. Cloud types in 
cyclones usually are of the flattish sheet type, typical of conditions 
where warmer air is forced to ascend over a wedge of colder, denser air. 

In w^ell-developed cyclones, as they are observed on the United 
States daily weather map, the converging wind arrows ordinarily do 
not cross the isobars at right angles but instead make an angle of 20 
to 40° with them. This results from .earth rotation, through which 
winds receive a right-hand deflection (Northern Hemisphere) and 
consequently appear to spiral in toward the center of the storm in a 
counterclockwise whirl. But the simple inward-spiraling cyclonic wind 
system (Fig. 51) described above and observable on the weather map 
is a partial illusion. This comes about as a result of the fact that the 
weather map is a snapshot of atmospheric conditions at a p<articular 
instant so that the storms are shown as stationary phenomena, when 
in reality they usually are moving at the rate of several hundred miles 
a day. The moving cyclone^s actual wind system is more accurately, 
although still very diagrammatically, represented by Fig. 55. In it 
convergence of air flow still is conspicuous, but the simple inspiraling 
system is considerably modified. Most significant is the fact that to the 
south, southeast, and possibly southwest of the storm center are 
southerly winds, usually of subtropical or tropical origin, while to the 
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west, north, and northeast are colder air masses which had their origin 
in higher latitudes. 

As a result of the converging system of air flow about a cyclonic 
center, winds on the front (east, or direction storm is traveling) of such 
a storm are from a general easterly direction, some of it northeasterly, 
more of it from the southeast and south. On the rear (west) of the 
storm, winds are, in general, westerly and especially from the northwest 
(Fig. 55). Tlie easterly winds on the front of a low are likely to be both 
tropical and polar in origin, since the front separating the two air 
masses extends roughly eastward from the storm center. In central 
and eastern United States the southerly winds south and west of the 
front are from the Gulf and tropical Atlantic and so arc warm and 



Fig. 55.—Diagrammatic representation of the wind system and rainfall areas (dotted) 
in a middle-latitude cyclone. 

humid. On the other hand the northeast, east, or even southeast winds 
north and east of the line of discontinuity arc of polar origin and 
consequently drier and colder. From wind direction alone it is unsafe 
to generalize as to whether an air mass is of polar or tropical origin, 
for the polar air on the front of a cyclone is not uncommonly observed 
as a southeast current. This is polar air that has been modified by a 
relatively long journey over middle latitudes and is returning poleward 
on the rear of a retreating anticyclone. 

It is obvious that all these easterly winds on the front of a cyclone 
are opposite in direction to the general current of westerly winds in 
which they exist and likewise opposite to the direction of storm move¬ 
ment. Thus while the storm travels from west to east, the winds on its 
front blow from east to west. This characteristic of a cyclone, which 
in many respects is an eddy or whirlpool of air in the westerlies, finds 
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a counterpart in the whirlpool of a river. The whirlpool of water is 
carried downstream by the major current just as the storm is carried 
eastward by the westerlies, but on its downstream side the water 
flows into the whirl in a direction opposite to that of the general 
current and likewise o})j)osite to the downstream movement of the 
whirlpool itself. It is evident, then, that a cyclone is th(* meeting place 
of two very contrasting masses of air: a colder, drier, and heavier one 
arriving from higher latitudes on the ])oleward and rear sides of the 
storm; and a milder, more humid one from lower latitud(‘s on th<^ 
equatorward and front side. 

150. Wind Snirr with the Passing of a Cyceone. When a 
cyclonic ceritiT aj)proaches and passes by an observer, the latter will 
experience general easterly winds as long as the low center is to the 
west of him, or, in other words, as long as he is on tlie front of the 
storm. As the cchUt passes by, leaving him in the western, or rear, half 
of the low, the winds shift to the west. Easterly winds, therefore, often 
indicate the approach of a cyclone with its accompanying rain and 
cloud, while westerly winds more often foretell the retreat of the storm 
center and the coming of clearing weather. 

Jn many cyclones this shift from easterly to westerly winds is 
rather gradual and lacking in abruptness. In storms with a marked 
equatorward elongation, so that the isobars are roughly in the form of 
the letter V, the wind shift is likely to be abnq)t (Fig. 06). Along the 
wind-shift line, which is approximately a line joining the apexes of the 
V-shaped isobars south of the center, winds of contrasting temperature, 
humidity, and density meet at a sharp angle, and violent storms and 
turbulent weather conditions oft<*n are the result. This wind-shift line 
is the cold front described in Art. 1736. 

151. Veering and Backing Winda, If the center of a cydone passes to 
the nortli of the observer, so that he is in the southern quadrants of the 
storm, the succession of winds experienced will be southeast, south, south¬ 
west, and finally west and northwest (Figs. 51, 55). This is called a veering 
wind shift. On the other hand, if the storm center passes south of the ob¬ 
server, so that he is on the north side of the cyclone, he will experience in 
succession northeast, north, and finally northwest winds. This is known as a 
hacking wind shift. 1'*he following note regarding wind-harorneter indications 
associated with a passing cyclone appears on the United States daily weather 
map). “When the wind sets in from points between south and southeast and 
the barometer falls steadily, a storm is approaching from the west or north¬ 
west, and its center will pass near or north of the observer within l!2 to 
24 hr. with wind shifting to northwest by way of southwest and west. 
When the wind sets in from pmints between east and northeast and the 
barometer falls steadily, a storm is approaching from the south or southwest, 
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and its renter will pass near or to the south or east of tli(‘ observer within 
to *^4 hr. with wind shifting? to northwest by way of north. The rapidity of 
the storm’s approach and its intensity will be indicated by the rate and the 
amount of the fall in the barometer.” 

152. Wind System of an Antk’Yclone. The term anticyclone 
was invented to designate the outflowing, or diverging, system of winds 
about a center of liigli j)ressure (Fig. 51). Deflection due to earth rota¬ 
tion causes the outflow of air about a high to develop something of a 
clockwise whirl (Northern Hemisphere). Since surface air in the high 
is constantly s])reading outward from the center, it follows that there 
must be a compensatory feeding in of air at higluT elevations, and sub- 
secpient settling of it, in order to maintain the high. The wind systems 
about highs and hjws, therefore, are op]>osile (a) in direction of gra¬ 
dient-induced flow, (6) in direction of s])iral deflection, and (c) in 
vertical movement at the centers. 

Anticyclonic wind systems are usually less well dev(‘loped than 
those of cyelones so tliat no characteristic wind shift is forecast as 
they pass by. In general, however, winds on tlie front (east) of an ad¬ 
vancing high ar(‘ westerly, while those on the rear are easterly. Since 
lows and highs ofUui alternate with one another as they move across 
the country, it is evident that the westerly winds on the front of a high 
and the rear of a low' have a similar origin and are much alike in charac¬ 
ter. Pressure gradients are usually less steep and wind velocities lower 
in anticyclones than in cyclones. Weak pressure gradients are particu¬ 
larly conspicuous toward the centers of highs where there is much light 
wdnd and calm. The strongest wdnds are likely to be found on the front 
margins of advancing highs where there is a merging with the preceding 
low. In this location between the cyclonic and anticyclonic systems 
the isobars tend to become nearly parallel straight lines trending in a 
general north-south direction. A strong horizontal pressure gradient 
from west to east is thereby developed, which is a consequence of 
combined westerly-wdnd gradients and storm gradients, vigorous west 
and northwest winds being the result. C\)ld wa\ es and blizzards over 
central and eastern North America are associated with these strong 
outpourings of cold air in the transition areas between the rears of 
lows and the fronts of highs. 

Pkecipitation in Cyclones and Anticyclones 

153. Cyclones and Anticyclones Opposite in Precipitation 
Characteristics. As a general rule, conditions in cyclones are 
conducive to condensation, so that commonly they are accompanied 
by large areas of cloud and often precipitation as well. Not every 
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cyclone, to be sure, is associated with rainfall, but on the other hand 
many of them are. Anticyclones, still maintaining their opposite nature 
in precipitation as well as in pressure and winds, are inclined to be fair- 
weather areas with clouds much less prevalent and rainfall meager. 
These differences are not unexpected, since in lows there is a general 
convergence of contrasting air currents toward the center of the storm 
with a consequent development of fronts. Lifting of the converging air 
masses, and subsequent cooling due to expansion, is the result. On the 
other hand, the slowly settling and warming air in anticyclones, as 
well as the diverging character of the surface air currents, is distinctly 
antagonistic to cloud and rainfall. The diverging nature of the anti¬ 
cyclone’s air makes a conflict of contrasting air masses unlikely, so 
that active fronts are not to be expected. 

154. Cyclonic Precipitation. Most of the cool-season precipi¬ 
tation of lowlands in the middle latitudes is cyclonic in origin. Winter 
snowfall on plains in these latitudes is almost exclusively from cyclonic 
storms. The fewer and weaker lows of the warmer months yield a 
smaller percentage of that period’s rainfall, since in summer convection 
and thunderstorms are likely to be more dominant. Although cyclonic 
rain is the result of rising air, normally it does not rise because of local 
heating but rather because of forced ascent resulting from (a) a con¬ 
vergence of great masses of air toward a center, (b) the underrunning 
and lifting of warmer and lighter air masses by cooler heavier ones, and 
(c) the ascent of warm currents over colder ones (Fig. 55). Unlike 
conditions in a thunderstorm, where rapid vertical ascent is charac¬ 
teristic, the lifting of air in cyclones, as noted earlier (149), is more often 
a gliding of warm, moist air up a mild slope formed by the upper 
surface of a colder, denser mass of air. Cooling is slower in the latter 
case, and rainfall less heavy. Cyclonic precipitation, therefore, inclines 
toward being light or moderate in rate of fall, but because of the greater 
areal extent of the storm it is of relatively longer duration than that 
of thunderstorms. Dull, gray, uniformly overcast skies, with steady 
precipitation, are typical of cyclonic weather. It should be stressed 
that precipitation in any storm would be minor in amount and of 
short duration if it were not that new supplies of water vapor are 
constantly being imported by winds to any area where rain is falling. 

Neither the expectancy of precipitation nor its nature and origin 
are the same in all parts of a low. In general, the front or eastern half is 
more cloudy and rainy than is the rear or western half, although the 
latter is not completely lacking in precipitation. Clouds and rain 
extend out much farther to the front of the center than to the rear. 
This is because the warm air currents, from which the precipitation 



STORMS AND ASSOCIATED WEATHER TYPES 131 


is derived, are moving eastward. As a consequence they overrun the 
cold air along the warm front much farther to the east of the storm 
center than they do to the west. In well-developed winter lows snow is 
more common in the cooler northeastern part, whereas rain occurs 
more frequently in the warmer southeastern quadrant. Heavy snows 
over the eastern part of the United States usually arrive when storms 
travel the more southerly routes, so that the central and northern 
states are on the poleward sides of the cyclones. 

155. Regions of Precipitation within a Cycia)ne. Three general 
regions of precipitation within a low may be distinguished. As a general rule 
the rain areas are associated with vertical displacement of mild and humid 
marine air masses, often of tropical origin. The cold air masses act chiefly 
as barriers over whicli the warmer air is lifted, and only a small amount of 
precipitation is actually derived from the cold air itself (Fig. 55). 

a. Rainfall from Converging Air {Nonfrontal). In the southeastern 
([uadrant of the storm, in particular, the warm, humid, southerly (including 
soutlieast.erly and southwesterly) currents are driven upward by their own 
convergence as they move toward the center of the low (Fig. 55). This sec¬ 
tion of the cyclone is not a region of prevailingly heavy cloud cover and 
persistent rain. Quite the contrary, for, although scattered showers are 
common and widespread, there also may he considerable broken sky and 
sunshine. During the warm season, the sultry, humid section to the south 
and southeast of the low center is a region of active convection, with 
cumulus clouds and local thunderstorms. 

h. Warm-front Rain. To the north, northeast, and east of the storm 
center the warm, humid, southerly air masses meet the colder, drier air of 
polar origin. Because the latter is more dense, the warm air flows up over 
the gently inclined wedge of colder air just as it would flow over a mountain 
range and is lifted above the earth’s surface (Fig. 52). As a result of rising 
over the wedge of cold air, the southerly currents are cooled by expansion, 
and widespread cloud and precipitation are the result (Figs. 54e, 55). 
Chilly, gray, overcast days with long-continued steady rain are typical of 
weather in this part of the storm. In the colder months this is also the region 
of heavy snowdall. Since the warm air is rising over the cold wedge along a 
gently inclined plane whose angle of slope is between 0.5 and 2®, its increase 
in elevation is slow% so that the resulting precipitation is likely to be only 
light or moderate in rate of fall, although, because of its long duration, the 
total amount may be considerable. It is not uncommon for warm-front 
rains to continue steadily for 24 hr. and more without letup. Such moderate 
rain is ideal in some respects, for it comes slowly enough for the ground to 
absorb most of it, and surface runoff and destructive slope wash and gullying 
are reduced to a minimum. Low evaporation under such conditions of 
weather likewise increases the effectiveness of the precipitation. In the 
warm seasons if the air ascending over the cold wedge is conditionally 
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unstable, wanii-frorit rainfall may be relatively heavy. Cool, overcast 
weather with rain is ideal for the growth of forage crops and pasture but less 
so for a crop like corn, which benefits from sunshine and higher temperatures. 
It needs to be kept in mind that it is not from the cold surfa(*e air that tli(‘ 
rain is chiefly coming but rather from the southerly currents aloft which are 
rising over the cohl iiortluuly air. Precipitation falling through the cold 
surface air, however, has its temperature redu(‘ed so tliat it reaches tin* 
earth as a chilly rain, and the day is inclined to be dark and dismal. 

c. Cold-front Rain, To the south and southwest of the storm ccmter is 
still another region of forced ascent. Here the cold west and northw(*st cur¬ 
rents of polar origin meet and underrun the warm southerly mirrents, forc*ing 
them upward, sometimes with rnindi vigor (Figs, a'si, aa). This cold- 
front rain belt is best de\clo])ed in storms with a marked southward looj)ing 
of tile isobars, /.c., a V-shaped cyclone, for under these conditions the con¬ 
trasting air mass(‘s meet at a sharp angle with resulting vigorous overturn¬ 
ing. In storms with more circular shape this is less likely to b(‘ the ease. The 
name squall line has been derived from the fact that it may be a region of 
great atmos{)heric turbulence, with associated severe thunderstorms and 
squall winds. Because of the ra[)id lifting and overturning of the warm air 
along the cold front, the accompanying rain is likely to b(‘ in the form of 
heavy showers but not of long duration. I'his cloud and rain belt, therefore, 
usually is much narrower than that along the warm front to the north and 
east of the storm center. 

It should be stressed here that not all these three rainfall types or areas 
ar(‘ present in each storm, nor are they always distinct from each other. 
There are numerous mergings, modifications, and intermediate conditions. 
Nevertheless, all three types are siifheiently common and distinct in cyclones 
to warrant tlu'ir recognition. 


Temperatuke in ( yclones and Anticyclones 

15(). It is difficult to make significant generalizations regarding 
temtierature contrasts between lows and highs. It is not true, as is 
sometimes stated to be the case, that, disregarding the season of the 
year, cyclones are always areas of high temperature and anticyclones 
of low. In themselves they are neither hot nor cold, but, depending 
upon the season as well as their owm individual character (region of 
origin, path, velocity of movement), they may be either or both. An 
analysis of temperatures in cyclones and anticyclones actually resolves 
itself into a study of the air ma.sses that comprise the storms. 

157. Temppjhatures in Anticyclones. Certainly in the winter 
season a vigorous, well-developed high, advancing rapidly toward 
central and eastern Ignited States from northern Canada, progresses 
as a mass of cold, dry. Polar Continental air with clear skies. Such an 
anticyclone accounts for the cold waves and bitterest winter weather 



Kig. 5(k~ rriiled Stales daily weather niaj). A great Polar Continental (Pc) air 
mass had advanced int(» the Cnited States as a high-pressure system from the Arctic 
plains of C!anada. St. Joseph, Mo., had a minimum temperature of 21^^ below zero, and 
Galveston, Tex., on the (rulf of Mexico, 15° above zero. Ten inches of snow fell at 
Birmingham, Ala., and at Atlanta, Ga. {Courtesy of V. S. Weather Bureau.) 

the season, providing several days of clear, cool, delightful weather. 
It is not unusual in middle latitudes, then, for highs to have come to be 
associated with low temperatures for any particular season. 

However, when in summer a large, relatively stagnant high, com¬ 
posed of tropical or subtropical air, spreads slowly over the south- 
central part of the country, excessively high temperatures, called hot 
waves^ are likely to result over central and eastern United States 
(Fig. SIB). The same clear skies and dry air that make for rapid 
terrestrial radiation during the long winter nights are conducive to 
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maximum receipts of strong solar radiation during long summer days. 
Moreover, as tropical air from this anticyclone moves northward over 
the country, the south winds carry with them the heat absorbed in 



Fig. 51 a .—A winter anticyclone advancing southeastward as a mass of cold polar air. 


the lower latitudes. Clear, mild days in the cooler seasons likewise are 
usually associated with these same Large, stfignant highs over the 



Fig. 51B ,—A relatively stagnant anticyclone over southeastern United States producing 
unseasonably warm weather over the central and eastern parts of the country. 

south-central part of the country. In summary, then, it may be stated 
that vigorous, moving highs arriving from higher latitudes are likely 
to bring lower than normal temperatures, especially in winter; while 
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weak, stagnant highs, especially in summer, are associated with 
abnormally high temperatures. 

158. Temperatures in Cyclones. Well-developed cyclones, 
accompanied by an extensive cloud cover and precipitation, are likely 
to bring higher than average temperatures in winter, and somewhat 
lower than average temperatures in summer—just the opposite from 
those induced by the anticyclone. During the long winter nights the 
cloud cover and humid air of the cyclone tend to prevent rapid loss of 
earth heat, while these same conditions in summer, when days are long 
and sun stronger, tend to weaken incoming solar radiation. 

159. Temperature dontrasts within Different Farts of a Cyclone^ ITie 
foregoing general rule concerning lows and seasonal temperatures 
cannot be accepted too literally, however, for a cyclone, composed of 
unlike air masses, usually has marked temperature contrasts within 
its several parts or quadrants. Thus the south and southeast part 
(front) of a low, where relatively warm air masses and southerly wdnds 
prevail, is considerably w^armer than 
the north and west ])ortion (rear), 
where air movement is from cooler 
higher latitudes. The effect of these 
temperature importations is to 
cause the isotherms in cyclones to 
trend north-northeast by south- 
southwest instead of the usual east- 
west direction, the south winds on 
the front of the storm pushing them 
poleward, and the northwest winds 
on the rear pushing them equator- 
ward (Fig. 58). To the east and 
north of the storm center, where the 
air is of a modified polar character, being markedly colder than the 
tropical air to the south but not so severe as the fresh polar air to 
the west, isotherms more closely follow the parallels. 

In general, the average rise of temperature above seasonal normal 
in front of a winter storm in eastern United States is not far from 10"^, 
although it may reach 520 or 30"^. Between the front and rear of a 
well-developed winter cyclone in eastern United States the tempera¬ 
tures may differ by as much as 30 to 40° or even more. If the tempera¬ 
ture of the center of a low is taken as a standard, the average departures 
of the four quadrants of well-developed winter cyclones in eastern 
United States are as follows: northwest, —8.7°; northeast, —5,6°; 
southeast, +6.3°; southwest, +£,6° (Ward). Stations on the southern 



Fig. 58. —Characteristic arrange¬ 
ment of isotherms in a winter cyclone 
over central and eastern United States. 
The front is usually warmer than the 
rear. 
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side of a passing? low, therefore, experience a greater change in tempera- 
tnre than do those to tlie north of the center, even though the tempera¬ 
tures are not so low. 

160. Summary of Wp^atheh Ciiangp:b with the Pas.sing of a 
Well-developed C^yclonp: and a Following Anticyclone over 
Eastern LTnitp:d States. The essence of cyclonic control in weather 
is its irregularity and undependability. Averages of the weather ele¬ 
ments by days, months, or years give only a lifeless })icture of the 
actual weather experienced, for such averages tend to mask tJie non¬ 
periodic storm control. Rapid and marked weather changes are eliarac- 
teristic of regions and seasons where cyclones and anticyclones are 
numerous and well de\ eloped, as they are, for instanc(\ over (‘ast(‘rn 
Ihiited States in w int(T. IVmperature changes w ith passing storms are 
especially marked in winter, wh(‘n latitudinal temperature gradients 
are steepest and importations by winds consecjuently most severe. In 
summer, with the pohnvard migration of the storm belt, cyclones are 
few^er and weaker; temperature gradients milder; and sun control, 
with its daily ]>eriodicity, is more influential. In that season, then, 
weather changes are more regular and diurnal, and less marked. 

It is incorrect to conceive of cyclonic control as identical in differ¬ 
ent parts of the earth. Even within the United States storms act 
differently over the Pacific (-oast or the western jdateaus from the 
way they do in eastern United States. Northwest winds on the rear 
of a cyclone obviously cannot import very low temi)eratures if they 
come from over the ocean, as they do in northw estern Europe or the 
Pacific Coast of the United States. Storms differ in character with 
the regions and the seasons, although they all conform to the same 
general laws. Following is a description of a series of weather changes 
during the passage of a well-developed cyclone and a following anti¬ 
cyclone over eastern United States (Plate III, Figs. 59, 60). 

As the cyclone approaches from the w^est and the barometer falls, 
there is a gradual clouding up in front of the storm. Far out in front of 
the center the sky becomes covered with fine veils, or films, of cirrus 
and cirro-stratus clouds, w^hich produce circles around the moon or sun. 
These distant heralds of the storm are associated with the warm-front 
discontinuity surface as much as 1,000 to 1,500 miles ahead of the 
surface warm front where the inclined wedge of cold air may be 3 to 
4 miles thick. Contemporaneous with the appearance of the cirrus and 
cirro-stratus clouds the wind sets in from an easterly direction and 
continues easterly until the center of the storm or the surface cold 
front has passed. As the storm center approaches closer and the cold 
wedge becomes thinner the clouds gradually thicken, darken, and 
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Fig. 59.—A week of winter weather at a middle-latitude station. Note the marked pressure changes indicating the passing of well-develoj 
cyclones and anticyclones. The air-mass control of temperature changes is more conspicuous than sun control. (Aficr Ward,) 
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become lower in elevation. Precipitation usually begins out several 
hundred miles ahead of the surface warm front and continues until 
that front is passed. Temperature increases somewhat as the surface 
warm front draws nearer, but since the air on the front of the storm 
may be modified polar in character there is no abrupt temperature 
rise until the warm front at the surface passes. The passage of the 
warm front at the surface, with an associated shift from polar to 
tropical air, is marked by a number of weather phenomena, including 
(a) a slight wind shift, usually about 45^^, the wind becoming more 
southerly as the warm air mass is entered; (b) a distinct rise in tempera¬ 
ture; (c) a clearing in the weather conditions, and (rf) a rapid increase 
in the amount of moisture in the air. 

Within the warm air mass weather conditions may vary consider¬ 
ably depending on the nature of the air and the season of the year. 
In summer if the air is from the Gulf of Mexico hot sultry weather with 
local showers and thunderstorms is common. If the air is from a drier 
source the heat will be less oppressive but more desiccating. In winter 
this tropical air mass gives rise to mild weather and rapid thaws, often 
associated with fog. 

The passage of the cold front at the surface with an accompanying 
shift from the warm to the cold air mass is frequently associated with 
strong turbulence, particularly if the cold front is well developed. In 
summer severe thunderstorms with strong squall winds are common. 
Other associated weather phenomena arc (a) a marked rise in baro¬ 
metric pressure, (b) an abrupt drop in temperature heralding the arrival 
of the cold air, (c) well-marked shift in wind direction amounting to 
from 45 to 180° (southerly to westerly), (d) heavy rains at the front 
but fairly rapid clearing and improvement in the weather conditions 
following its passage, and (e) a marked decrease in both specific and 
relative humidity. The advancing anticyclone moving southeastward 
as a mass of cold polar air with northwest winds continues to reduce 
the temperature until its center has passed. Toward the center of the 
high, winds are light and calms are prevalent, and in winter extremelj^ 
low temperatures are likely to prevail. As the anticyclone retreats the 
cycle is complete, winds again become easterly, and another approach¬ 
ing cyclone begins a new sequence. 

Obviously there are considerable variations from the above 
description. These variations depend upon the nature of the air 
masses generating the storms as well as upon the routes the storms 
take with respect to the observer. For example, warm and cold fronts 
are often not well developed on the poleward side of a cyclone, for the 
warm air mass is lacking at the surface. 
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161. Paths of Cyclonic Storms. It was stated earlier that the 
origin of cyclonic storms appears to be associated with moving fronts 
bounding unlike air masses. If this is true then the middle latitudes, 
which are the meeting jilacc of air masses from the tropics and from 
the polar regions, should be the part of the earth where* cyclones are 
most numerous and most vigorous. That such is the case is demon¬ 
strated by the extremely variable weather of the middle latitudes. 

All parts of the middle latitudes, and likewise the adjacent margins 
of the low and high latitudes, are affected by moving cyclones and 
anticyclones. In the low latitudes as well, there is increasing evidence 
for believing that cyclones play a relatively im})ortant role in weather. 



Fia. 01.^— The cyclone tracks here shown are highly simplified. {From Petterssvn,) 


All parts, however, are not affectc'd to the same degree, for, although 
there is no rigid system of clearly defined storm tracks^ there are, 
nevertheless, certain broad belts over which storms travel more 
frequently than elsewhere. These are the regions of most numerous 
and most active fronts.^ Of course the effects of a storm arc felt far 
beyond the path of its center. Figure 61 shows in a generalized way 
the principal cyclonic tracks of the world. 

In the Southern Hemisphere, as a result of a very stable and intense 
anticyclone over the Antarctic Continent providing abundant supplies 
of cold polar air throughout the year, there is great year-round 
vigor of cyclonic storms, in summer as well as winter. Their centers 
appear to follow the subpolar low-pressure trough, but the poleward 

^ An attempt has been made to show the principal frontal zones of the Northern 
Hemisphere in winter and in summer. See Petterssen, Sverre. “ Weather Analysis and 
Forecasting.” pp. 269 and 271, McGraw-Hill Book Company, Inc., New York, 1940. 
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parts of all the Southern Hemisphere continents are affected by their 
northerly margins, especially in the low-sun season. The Cape Horn 
region of South America, extending as it does to nearly latitude 55°S., 
is a stormy area at all times of the year. Winter cyclones are likewise 
relatively numerous over the Pampa of Argentina. 

162. Northern J1 cmis'phere Tracks. The less vigorous (except in 
winter), and likewise less persistent, continental anticyclones forming 
over th(‘ Arctic and subarctic regions provide the j)rinci])al southward 



Fig. 62. Solicniiies show principal tracks of cyclones; broken lines are the principal 
tracks of anticyclones. Note how the cyc'loiie tracks converge on the northeastern part 
of the United Stales. Anticyclones moving south from northern Canada {Pc air) bring 
severe cold in winter; those from the Pacific northwest {Pp air) bring only moderate 
cold. 

gushes of cold polar air for the formation of Northern Hemisphere 
storms. The Arctic and subarctic anticyclones are relatively weak in 
summer, which accounts for the poleward migration of the storm 
tracks as well as for the general weakening of cyclonic control over the 
whole Northern Hemisphere in that season. In wibter, on the other 
hand, when the Arctic and subarctic high-pressure centers are much 
better develoj)ed, and therefore are able to provide the necessary 
southward surges of cold air, storms are both numerous and vigorous. 
The principal concentration of cyclones is in the North Pacific (Aleu¬ 
tian low), northern United States and southern Canada, the North 
Atlantic (Iceland low), and northwestern Europe. A secondary 
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European track passes through the Mediterranean Basin. Middle and 
northern China and Japan are regions of relatively strong cyclonic in¬ 
fluence in the Far East. The storm track of northwestern Europe is 
particularly well developed, cyclone following cyclone in rapid succes¬ 
sion in that region during the winter. In the cold season there appears 
to be a tendency for storm tracks to dip southward over the continents, 
thereby avoiding the continental highs, and to swing poleward over 
the oceans, passing through the centers of the permanent lows and 
following the belt of marked temperature contrasts. Cyclones have 
been known to travel entirely around the earth. One such storm, with 
its center on the American Pacific Coast on Feb. 23, 1925, was traced 
completely around the globe, arriving again on the Pacific Coast on 
Mar. 19. 

In the United States there appears to be a general bunching of 
cyclonic storm tracks in the northwestern and northeastern parts of 
the country, with a spreading and southward looping of them over the 
interior (Fig. 62). The northeastern and northwestern sections of th(j 
country in winter obviously must have much changeable weather with 
abundant cloud and precipitation. Most storms follow the northern 
rather than the southern routes across the country, a fact of utmost 
importance in understanding American weather. 

163. The Weather Map and Weather Forecasting.^ People are 
by instinct weather forecasters, for there is an inherent craving for in¬ 
formation about approaching atmospheric phenomena. The numerous cur¬ 
rent weather proverbs indicate this craving. One may learn roughly to 
foretell weather conditions, even without instruments or maps, by merely 
being observant of such local indicators as direction of wind, kinds of clouds, 
and rising or falling temperatures. However, a much more accurate job of 
forecasting can be done if one has access to certain instruments, particularly 
a barometer. The United States Weather Bureau’s daily forecasts are based 
upon data from over 250 stations rather uniformly distributed off the air¬ 
ways and about 550 stations along the civil airways. By radio, teletype, 
telephone, and telegraph weather reports from these several hundred sta¬ 
tions are relayed to forecast centers and to the central office at Washington, 
D. C., for analysis and charting. At more than 100 weather stations upper- 
air weather observations are taken by means of pilot balloons, and at over 
SO stations upper-air observations of temperature, pressure, and humidity 
are made by means of radiosondes. The latter are miniature radio trans¬ 
mitters which are carried up to heights of 50,000 to 75,000 ft. by balloons. 
Supplementing the weather reports from stations within the United States 
are others received from Canada, Mexico, Central America, Puerto Rico, 
and Panama and from ships at sea. 

^ Sec “Climate and Man.** Yearbook of Agriculture, 1941, pp. 579-‘598. 
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In the United States complete weather observations are made four times 
a day at 6-hr. intervals, beginning at 1:30 a.m. eastern standard time. At 
most airway stations observations are made hourly. The whole atmosphere 
is the forecaster’s laboratory, but this is too large for him to comprehend 
without first reproducing it on a miniature scale on a map. This is the 
weather map, sometimes called a synoptic chart (Figs. 54A, 56, Plate III). 
On this map are represented graphically the data obtained from simul¬ 
taneous observations at the several hundred stations. At airway stations 
weather maps are made at 6-hr. intervals for 8 hr. following. The published 
United States Weather Maps are prepared from the 1:30 a.m. and the 
7:30 A.M. observations. 

On the maps prepared at the weather stations, there are represented in 
addition to the conditions of temperature, pressure, wind, cloudiness, and 
precipitation, the distribution of air masses and the fronts that bound them. 
Unfortunately, on the published weather maps sent out from the district 
forecast centers air-mass and frontal data are entirely lacking. Only on the 
Washington map are these to be found (Fig. 54A). 

The tecliniques of weallier forecasting do not properly belong in a book 
of this sort, and only a few of the most general types of comment are offered. 
Fundamentally it involves trying to picture the changes in storm centers and 
fronts during the subsequent forecast p)eriod. The concept of middle-latitude 
weather changes as resulting chiefly from the interaction of contrasting air 
masses has resulted in recent years in the application of new techniques in 
forecasting methods. No longer is weather viewed in simply a two-dimen¬ 
sional aspect as represented by surface isobars on the ordinary weather map. 
There is an increasing attempt to understand atmospheric conditions 
vertically as well as horizontally. To do this there are constructed maps of 
the various weather elements at different levels aloft as well as at the sur¬ 
face. Such maps are made possible by the data obtained from the ascent of 
radiosondes. Accurate weather forecasts for more than a few days, or at most 
a week in advance, are not yet pjracticable except in a very limited number 
of instances. 

Tropical Cyclones of the Hurricane and Typhoon Variety 

164. General Characteristics. These often violent and de¬ 
structive storms of the low latitudes in some respects resemble the 
middle-latitude cyclones, as, for instance, in the central area of low 
[iressure, the cyclonic system of winds, and a relatively widespread 
area of cloud and rain. In other ways, however, the hurricane differs 
from its less intense counterpart of the middle and higher latitudes. 
Some of the more important features that distinguish it from the 
middle-latitude cyclone are as follows: (a) The isobars of the tropical 
storm are more symmetrical and more nearly circular. Pressure gra¬ 
dients also are usually steeper, so that winds are stronger. To be a 
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genuine hurricane wind velocities in the storm must reach at least 75 
miles an hour, (h) Rains are inclined to be more torrential and some¬ 
what more evenly distributed about the center, although this latter 
characteristic is more common in nearly, or quite, stationary storms 
than in moving ones. The rear quadrants usually have less rain than the 
front ones, (c) Tenq)erature distribution around the c(‘nter is relatively 
similar in every direction. There are no surface cold fronts or surface 
warm fronts as in the middle-latitude low. id) There are no sharj) 
wind shifts, the winds dcNcloping a more perfect spiral whirl, with 
strong vertically ascending currents around the vortex, or core, (e) 



Tropical cyclones are most numerous in the warm season, rather than 
in winter. (/) Hurricanes have relatively cairn, rainless centers, 5 to 
30 miles in diameter. This is called the “eye” of the storm, {g) The 
tropical cyclone has no anticyclonic companion. 

The hurricane type of storm varies greatly in size, but in general 
it is smaller and more intense than the low of middle latitudes. The 
total diameter of the w^hirl may be from 100 to 400 miles (Fig. 63). 
Wind velocities are not always violent, but on the other hand they may 
reach such destructive speeds as 90 to 130 miles jrer hour. Tremendous 
damage to shipping and coastal settlements, with accompanying loss 
of life, is by no means rare. A considerable part of the property destruc¬ 
tion, and loss of life from drowning, is due to the great avalanches of 
sea water piled up and driven onshore by the gale winds and to the 
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excessive rainfall and associated floods that accompany the storm. 
In the violent hurricane of Sept. 18, 1926, which devastated Miami, 
Fla., at least 114 lives were lost in the Miami district, and damage to 
buildings was estimated at nearly $75,000,000. 

165. Ohigin. "JVopical Imrricanes originate only over oe(‘aiis, wlu*re 
there is ahuiulant moisture and little frictional resistance to wind. More¬ 
over, they an* limit-ed to tropical oceans and usually to tliose parts of tropical 
oceans where the trades are dying out and merging with the doldrums. No 
doubt the local h(*at and moisture of the doldrums are predisposing causes. 
Hut that alone is Tiot sufficient, for iiurricanes do not originate in tlic dol¬ 
drums when that wind belt is at, or very close to, the ecpiator, because in 
tluit latitude there is insufficient deflective force of earth rotation to set 
up the whirl. It is significant in this respe<‘t that they princi})ally develop 
along the poleward margins of the doldrums and ar(‘ most numerous in late 
summer and fall, when the “belt’’ of calms is at its greatest distance from 
the e(piator. In most cases the storms first tend to move westward as carried 
by the trades, then curve poleward around the western ends of the sub¬ 
tropical higlis in the vic'inity of latitudes 20 or 25° (Fig. 61). Vs soon as they 
move into the middle latitudes, or over land masses, they lose some of their 
intensity, spreading out and taking on the characteristi(‘s of well-developed 
extra!ropical cyclones. The sustaining energy of a Jiurricane is largely latent 
heat deriv<‘<l from the copious condensation wliicfi must of necessity accom¬ 
pany the heavy rainfall (108). Although surface fronts have not been 
observed in tropical hurricanes, there appears to lx* increasing agreement 
among meteorologists that these storms are of frontal origin. On several 
occasions upper-air ol)servations in hurricanes have revealed the presence of 
contrasting air masses and above-surface fronts. 

166. Regions of Most Frequent Occurrence. IVopical cyclones 
apt)ear to occur ov(‘r the warmer t)arts of all oceans, excc})t possibly 
the South Atlantic, where the doldrums do not migrate south of the 
equator. There are at least six regions of general concentration, 
however (Fig. 61). These regions are (a) the (ffiina S(*as, the so-called 
typhoons of that region affecting particularly th(‘ Fhilip})ines, south¬ 
eastern China, and southern Japan; (b) the Arabian Sea and the Bay 
of Bengal, on either si<le of peninsular British India; (c) the Caribbean 
Sea, with the Wt‘st Indies, Yucatan, and southeastern Cnited States 
all feeling the effects of hurricanes; {d) the eastern north pacific in 
the region west of Mexico; (e) the south Indian Ocean east of Mada¬ 
gascar; and (/) the tropical waters to both the northeast and the 
northwest of Australia. The average number of severe tropical 
cyclones per year in each of the regions noted above is 22, 10, 5, 13, 
and 13, respectively. 
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Weaker Tropical Lows^ 

167. Besides the severe hurricane type of cyclone described in the 
previous section, there are, throughout those parts of the low latitudes 
Avhere heat and humidity are abundant, many more weaker cyclones. 
These less vigorous cyclones have received little attention from stu¬ 
dents of weather and climate, probably because they are less severe 
and spectacular and do little damage. These shallow barometric depres¬ 
sions, here designated as tveak tropical lows to distinguish them from 
the hurricane variety, may not be conspicuous on the weather map, 
often showing only as bulges in the general isobaric setup. Their wind 
systems commonly are not well developed, a definite cyclonic arrange¬ 
ment often being absent. Feeble winds and much calm seem to prevail. 
Westerly drift of these storms is evident in some parts of the tropics, 
but definite tracks are not conspicuous, stagnation and tangled paths 
being more common. Temperature effects are negligible. It is in the 
rainfall element that they become particularly conspicuous and signifi¬ 
cant, for fre(piently they are productive of beneficial raird‘all, not 
always supplied in sufficient amount by the simple convectional 
showers typical of these regions. When these same weak disturbances 
remain nearly stationary over a limited area for several days, the 
rainfall may even become excessive, resulting in damaging floods. 
Without doubt too large a percentage of tropical rainfall has been 
ascribed to local convection resulting from surface heating, and too 
little to the effects of these weaker tropical lows which certainly are 
more numerous, as well as more beneficial, than are the better known 
hurricanes. 

These cyclones of the humid tropics appear to originate as wavelike 
disturbances along tropical fronts. Most of them probably do not grow 
beyond this stage and so appear as only shallow depressions accompa¬ 
nied by showery rains. There is some evidence that hurricanes have 
their beginnings as weak tropical lows. 

Weak cyclones of probable frontal origin, resembling those of the 
tropics, are not unknown in humid subtropical parts of middle lati¬ 
tudes as well, although there they are confined to the warm season. 
They are best known perhaps in the Yangtze Valley of China and over 
the southern half of Japan (Fig. 64). In the latter country they give 
rise to an unpleasant and depressing rainy season extending from about 
mid-June to mid-July, during which the sky is overcast much of the 
time and more or less rain falls nearly every day. The air is so damp 

^ Visher, Stephen S. Frequency of Tropical Cyclones, Especially Those of Minor 
Importance. Monthly Weather Rev,, Vol. 58, pp. 68-64, February, 1980 
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that walls and pavements remain wet, and furniture and clothes 
become moldy. These Bai-u rains (meaning plum rains) are highly 
important for the rice crop, for they come at the time of transplanting 
when the rice fields need to be soaked. 



Fig. 64.—A weak summer low emerging from the Yangtze Valley. This type of 
storm is common in the wet tropics, and in the humid subtropics as well during the 
summer season. Pressure in mm. From the Japanese weather map, 6 p.m., June 21, 1927. 

Thunderstorms 

168. General Characteristics. A thunderstorm is character¬ 
ized by a strong upward current of air. In fact it owes its origin to 
such a vertical updraft of moist air, for a thunderstorm is really an 
overgrown cumulo-nimbus cloud with all its attendant phenomena of 
lightning, thunder, and squall winds. This characteristic turbulence 
is very evident in the seethings and convulsions that one sees taking 
place in a great thunderhead cloud (Fig. 65). Rapid vertical upthrusts 
of air are commonly associated with high surface temperatures and 
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vigorous coriveclional overlurning, so that it is not unexpected to find 
thunderstorms most i)re\'alent in the warmer latitufles of tlie earth, 
in the warmer seasons of middle latitudes, and in the warmer hours of 
the day. It is obvious that heat, pariieularly humid heat, and thunder¬ 
storms are closely related, although high tcmiperatures are not their 
only requirement. Some of them are so closely identified with particular 
regions within cyclonic storms that one is compelled to beli(‘ve that 
there is a definite caiise-and-effect relationship between them and 
certain conditions in the cyclone. 

169. Pkecipitation in Tuunderstohms. As indicated in an 
earlier article tl27), rainfall in tliunderstorms is likely to be more 
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Fig. 05.—Vertical section through a local heat thunderstorm. (/I) anvil top of 
cumulo-niitihus cloud; (C) roll cloud; {Cu) advance cunnilu.s cloud; (D) descending 
air; (0) strong gusts; (M) mammato-cuinulus; (P) protruding portion of anvil cloud; 
(/?) primary rain or hail area; {R') secomlary rain; {T) S(‘vere turbulence; (U) updraft; 
(W) wind direction; {w) zero isotherm (centigrade) or freezing level. {From Haynes.) 

vigorous while it lasts, but of shorter duration, than that associated 
with cyclones. One speaks of thimdershowers rather than thunder 
rains. This downpour type of precipitation is related to (a) the more 
rapid vertical ascent of air in thunderstorms (at least 2,400 ft. a 
minute must often occur) than in most cyclones and {h) the higher 
temperature and, therefore, higher absolute humidity of the air in the 
summer season when thunderstorms are prevalent. The vigorous 
nature of convectional rainfall, together with the fact that in middle 
latitudes it is concentrated in the growing season, has important 
economic consequences. 

170. Hail, Occasionally hail, the most destructive form of pre¬ 
cipitation, is developed in very intense thunderstorms. Fortunately 
it occurs in only a few and usually falls in only restricted areas or belts 
within any particular storm. On first thought, it may appear peculiar 
that these relatively large globules of layered ice and snow should be 
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a form of precipitation almost confined to the warm season of the year. 
That is because they are associated with vigorous convectional systems 
such as are tyj)ical princi})ally of the warmer seas(ui. When convection 
is most violent, and air currents are ascending at a rate of 25 to 50 miles 
an hour, raindrops caught in these upward-surging currents are carried 
up into regions of extreme cold, so that on mixing with snow they 
freeze as globules of cloudy ice. Getting into desceiuling currents they 
again fall to the rain h‘vels and acquire a coating of clear ice from con¬ 
tact with raindro])s. Again shot back up into higher altitudes, they 
ac(juire another layer of snowy ice, and this layering process may con¬ 
tinue until the liailstones occasionally grow as large as golf balls and, in 
rare instances, even largtT. When the strong nj)ward-moving currents 
are teinpf)rarily halted, the liailstones fall to earth, often doing serious 
damage to crops, to structures such as greenhouses, and occasionally 
even killing livestock in the fields. 

171. Lioutniiso, Tjiundek, and Squall Windis. Three other 
common phenomena of thunderstorms need brief comment: lightning^ 
thunder^ and the }<quall wind. Lightning is the result of the disruption 
of raindrops, with consequent develojunent of static electricity, in 
rapidly ascending air currents. Like hail, therefore, it is largely confined 
to vigorous convectional storms, which are most nurm'rous in the 
warm season. As raindrops in the storm grow larger and larger, they 
eventually reach such a size that their limit of cohesion is passed, and 
they begin to break up, the larger portions of the drops remaining at 
lower levels of the cloud or falling to earth, while the smaller ])articles, 
carried off as spray at the top of the drop, are swept up into the cloud 
tops. The larger drops carry a positive electrical charge, the smaller 
ones a negative charge, while the earth itself is usually negative as 
well. 41ius is created a situation in which a positi\'c electrical charge 
lies between two negative ones. Eventually, as these charges grow to 
great size, an electrical discharge in the form of a lightning flash takes 
])lace, more commonly from cloud to cloud but occasionally from 
cloud to earth. Probably not more than 1 ])er cent of the lightning 
flashes go to the earth. In the United States 700 to 800 persons lose 
their lives each year as a result of lightning, and double as many are 
injured, while fire losses due to lightning amount to over $12,000,000 
annually. Thunder is produced by the violent expansion of the air 
caused by the tremendous heat of the lightning. It is due wholly to 
an explosive type of expansion consequent upon an extremely sudden 
and great rise in temperature. 

172. The ThundersqualL The thundersquall is the strong out- 
rushing mass of cool air just in front of the thunderstorm (Fig. 65). 
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It is associated with the so-called squall cloud, an onrushing dark, gray, 
boiling arch or roll of cloud which is the forward projection of the 
lower portion of the storm cloud. The velocity of the squall wind at 
times attains hurricane violence, so that it may do serious damage. 
It should be carefully avoided by airplane pilots. The force of the 
squall is due in part to the cool air which has been brought down from 
aloft with the mass of falling rain. Being denser than the warm surface 
air, it spreads out in front of the storm, underrunning the warm air. In 
part its velocity is due also to the onrushing motion of the storm mass 
itself, so that forward and outward motions are combined. 

173. Classes OF TniTNDEiisTOKivrs. Two main groups of thunderstorms 
are here recognized: (a) the simple eoiivectional, or heat, type and (h) the 
cyclonic squall-line type.^ 

a. Local, intra-air-mass, heat thunderstorms occur sporadically owing to 
local convection and are associated with weak barometric gradients and hot, 
relatively stagnant, humid air (Fig. 65). The heat, humidity, an<l slight air 
movement characteristic of the doldrums furnish ideal conditions for their 
development and growth. These local storms, many of them small and 
ephemeral, although not always so, arc usually confined to late afternoon or 
evening on hot summer days with abundant humidity. An unstable condi¬ 
tion results from overheating of the quiet, humid, surface air, so that con¬ 
vection and towering cumulus clouds are often the result. If the latter grow 
to cumulo-nimbus size, they may give rise to a.thundershower. Such scat¬ 
tered, local storms may travel in almost any direction, although usually in 
the middle latitudes they move toward the east. Literally hundreds of these 
ephemeral thundershowers may dot central and eastern United States on a 
hot summer day. It is impossible to forecast the time or place of their 
occurrence. They are of great economic significance, for they produce a 
considerable part of the summer precipitation in the interiors of middle- 
latitude continents and probably a still larger part of that which falls in 
tropical latitudes. 

Willis I. Milham gives the following excellent description of a local 
thunderstorm: “It has been a hot, sultry, oppressive day in summer. The 
air has been very quiet, perhaps alarmingly quiet, interrupted now and then 
by a gentle breeze from the south. The pressure has l>een gradually growing 
less. The sky is hazy; cirrus clouds are visible; here and there they thicken 
to cirro-stratus or cirro-cumulus. The temperature has risen very high, and 
the absolute humidity is very large, but owing to the high temperature the 
relative humidity has decreased somewhat. The combination of high mois¬ 
ture and temperature and but little wind has made the day intensely sultry 
and oppressive. In the early hours of the afternoon, amid the horizon haze 

^ There are varieties of cyclonic thunderstorms other than the one here discussed. 
In all cases they are probably due to the crossing of air currents of different temperatures 
and densities, resulting in atmospheric overturning. 
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and cirro-stratus clouds in the west, the big cumulus clouds, the thunder- 
heads, appear. Soon distant thunder is heard, the lightning flashes are visible, 
and the dark rain cloud beneath comes into view. As the thundershower 
approaches, the wind dies down or becomes a gentle breeze blowing directly 
toward the storm. TJie temperature perhaps drops a little as tlie sun is 
obscured by the clouds, but the sultriness and oppressiveness remain as 
before. The thunderslioAver comes nearer, and the big cumulus clouds with 
sharp outlines rise like domes and turrets one above the otlier. Perhaps 
the loftiest summits are (^ap])ed with a fleecy, cirrus-like veil wliich extends 
out beytuid them. If seen from the side, the familiar anvil form of the cloud 
mass is noticed. Just beneath the thunderheads is the narrow, turbulent, 
blue-drab squall cloud. The patclies of cloud are now" falling, now rising, now 
moving hither and tl)ither as if in the greatest commotion. Beyond the squall 
cloud is tlie dark rain cloud, half hidden from view by the curtain of rain. 
The thunderheads and squall clouds are now" just passing overhead. The 
lightning flashes, the thunder rolls, big, pattering raindrojjs begin to fall or 
perhaps, instead of th(‘S(‘, damage-causing hailstones. The gentle breeze 
has cluinged to the violent outrushing squall wind, blowing directly from 
the storm, ami the temperature is dropping as if by magic. Soon the rain 
descends in torrents, shutting out everything from view". After a time, the 
wind dies down but continues from the west or northwest, the rain decreas¬ 
ing in intensity; the lightning flashes follow" each other at longer intervals. 
An hour or two has jjassed; it is growing lighter in the west; the wind has 
died down; the rain has almost stopped. Soon the rain ceases entirely; the 
clouds break through and become fracto-stratus or cirriform; the tempera¬ 
ture rises somewhat, but it is still cool and pleasant; the wind has become 
very light and has shifted back to the southwest or south. Now the domes 
and turrets of the retreating shower are visible in the east; perhaps a rain¬ 
bow spans the sk}’; the roll of the thunder becomes more distant; the storm 
has passed, and all nature is refreshed.”^ 

h. Cyclonic cold-front thu7iderstorins, which often are more severe than 
the local heat variety, are characteristically formed along the cold front 
of well-developed V-shaped summer cyclones (Fig. (>(>). The wind-shift 
line, previously discussed in iVrt. 150, marks the abrupt meeting place of 
warm, humid, southerly currents on the front and south of tJie cyclone, 
with the cooler, heavier, northwest winds on the rear. Thunderstorms may 
form a nearly continuous series of active centers humlreds of miles long, 
the individual storms strung out along the squall line like beads on a string. 
Usually, however, they are some distance apart. When the cool westerly 
winds strike the side of the warm southerly currents along the cold front 
they either underrun it like a blunt wedge or, owing to surface friction, 
overrun a portion of the warm air and entrap it (Fig. 54<?). In either case 
violent overturning and upthrust take place with resulting turbulence and 

^ Milham. W. I. “Meteorology.” pp. 321-322, The Macmillan Company, New 
York, 1934. 
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associated development of thunderstorms. Occasional!}^ tornadoes, those 
most violent of all windstorms, likewise develop at or near the wind-shift 



of tropical origin an* loft unshaded. U. S. Weather Map, June 9, lOiiS, 8 p.m. 
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Fig. 07. —Record of pressure and temperature at the Naval Air Station, Anacostia, 
D. C., during the approach and passage of the squall-line storm shown in Fig. 66. 
Hours indicated at top. 

line of V-shaped cyclones. Since the cold-front variety of thunderstorm is 
associated with a frontal zone, it must of necessity travel with the latter, and 
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its approach and passage, therefore, can be forecast with a considerable 
degree of accuracy. Jii general, a (‘old-front storm can l)e distinguished from 
the local heat variety by tin* following criteria: (a) The former is commonly 
more severe althougli by no means always so. (b) It is not confined to any 
j)articular time of day, for its origin does not depend uj)oii local surface 
heating. It may ar^i^’e, tJierefore, at any lime of day or night. Local con- 
vectional storms, on tlie otlier hand, more commonly are con<*entrated in 
the warmer hours of the day. (c) The cold-front thunderstorm is usually 
followed by a shift of wind from soul Invest, Simth, or southeast to north¬ 
west (from a tropical to a polar air mass) and by a consecpieiit drop in tem- 
peratun* (Fig. (>7). The local heat thunder.storm gives only very temporary 



Fig. ()8.- -Average annual number of days witli thunderslorins. 


relief during the period of cloud cover and rain and is likely to be followed 
by the same kind of hot, humid weather tliat precedt'd it. Less fretpiently 
thunderstorms develop along warm fronts and occluded fronts, but ordi¬ 
narily these are not so vigorous as the cold-front variet\. 

174. Distrihution of Thunderstorms. Since in the doldruni 
l)elt, with its constantly high temperatures, stagnant air, and high 
humidity, arc to be found the most ideal conditions for thunderstorm 
formation, it is not surprising that equatorial regions should have the 
maximum number of days with such phenomena. There is a general 
decrease in their frequency of occurrence from equator to poles but 
with many variations. In the region of the doldrums thunder is heard 
on 75 to 150 days a year, and there are a few places recording more 
than 200 such days. The low-latitude deserts, however, also in the 
tropics and likewise hot, have fewer than 5 days with thunder, rela- 
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live humidity being too low for thunderstorm formation. In middle lati* 
tudes there is a marked excess of thunderstorms over land as compared 
with sea. Thunder is rarely heard in the polar areas. Southeastern 
United States is the most thundery area outside of the tropics, there 
being 70 to 90 days a year with such storms over the central and 
eastern littoral of the Gulf of Mexico. A portion of New Mexico has 
over 70 (Fig. 68). The number decreases to the north and west, the 
central tier of states having 50 ±, the northern tier 25 to 40, and the 
Pacific Coast fewer than 5. 

175. Tornadoes, the most violent and destructive of all storms, fortu¬ 
nately are of rare occurrence and very restricted in area, their diameters 
usually being only 300 to 1,500 ft. They are closely associated with thunder¬ 
storms of the cold-front variety and characteristically occur slightly to the 
east of the wind-shift line in well-developed V-shaped cyclones. Spring and 
early summer witness their maximum develoj)ment. The approach of a 
tornado is usually heralded by dark and greenish masses of cumulo-nimbus 
clouds in wild turmoil, from which descends the funnel-shaped tornado 
cloud. Upper air currents carry the storm in a general northeasterly direc¬ 
tion, the rate of movement averaging 25 to 40 miles an hour. The destructive 
effects of tornadoes are of dual origin: (a) the high horizontal and vertical 
wind velocities, the former estimated at 100 to 500 miles per hour and the 
latter at 100 to 200; and (b) the explosive effect upon buildings of the low 
pressure at the center of the storm. Tornadoes are sometimes referred to as 
“twisters” because of the inward and upward spiraling masses of air which 
comprise them. They appear to be typically American phenomena, for they 
are relatively rare in other parts of the world. In the United States they are 
most frequent over the central and southern states east of the Rockies. 





Section B. Climatic Types and 
Their Distribution 




176. In the four preceding chapters the individual elements out of 
which climates are composed have been analyzed, and their distribu¬ 
tions ()ver the earth's surface described. Variations in the amount, 
intensity, and seasonal distribution of these elements, as determined 
by the climatic controls, resulting in changeful combinations of the 
elements, are the reason for the existence of the variety of climates, 
the description of Avhich is to follow (33). 

177. Classification by Temperature Zones. Perhaps the 
broadest and most general classification of climates is the one devised 
by the ancient Greeks who divided each hemisphere into three broad 
belts, or zones. Thus in the low latitudes is the winterless tropical region 
where temperatures are high throughout the year. Similarly in the 
high latitudes, in the vicinity of the poles, are the summerless polar 
regions, where there is a general prevalence of low temperatures. 
Between these two extremes, which are the tropical and the polar 
parts of the earth, are broad intervening belts where seasonal contrasts 
in temperature are marked, one season usually being warm or hot, and 
the other cool or cold. These are the intermediate, or middle^ latitudes^ 
sometimes designated as the “temperate zones/’ although obviously 
that name is not well chosen. 

178. Climatic Regions and Climatic Types. This threefold 
classification of the earth’s climates into tropical, middle-latitude, and 
polar types plainly does not take into consideration that other great 
climatic element, precipitation, since within both the low and the 
middle latitudes there are very wet as well as very dry climates. It is 
obvious that the geographer requires not only a more detailed and 
refined classification but likewise one in which both temperature and 
precipitation are considered when making the climatic subdivisions. 

155 
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Such a subdivision of the land areas of the earth into climatic types 
and climatic regions is presented on Plate V. 

Any portion of the earth’s s\irfacc over which the climatic elements, 
and therefore the broad climatic characteristics, are similar (not 
necessarily identical) is called a climatic region. But it will be noted 
that not all the subdivisions on Plate V differ from one another climati¬ 
cally, for areas with similar climates are found in widely separated 
parts of the eartli, although often in corresponding latitudinal and 
continental locations. 'J’his frequent duplication of climates in roughly 
corresponding positions on the continents suggests that there is 
order and system to the origin and distribution of the climatic ele¬ 
ments. It likewise makes possible the classification of the numerous 
climatic reijions into a relatively few principal climatic types. The degree 
of order and system to be observed in the lalitiuJinal and continental 
arrangement of climatic types is associaltnl with the distribution of 
solar energy and the planetary winds, tlu‘S(‘ controls j)roviding a rough 
framework for the climatic ])allern of the earth. That tliere are numer¬ 
ous modifications of, or deviations from, any rigid scheme suggests the 
operation of other controls, some of which are not entirely understood. 
For the latter reason not all the facts of climatic distribution are at 
present explainable. 

179. General Scheme of Climatic Classification. In its 
broader aspects the general scheme or outline of climatic subdivision 
here employed follows the Koppen system.^ In the low latitudes near 
the equator is a winterless region A with adequate rainfall. This is the 
humid tropics. Poleward from this belt, and extending beyond the 
tropics far into the intermediate latitudes, are the dry climates B, 

^ See, Koppen, W. “Grundriss der Klimakiinde.” Walter de Gruyter Company, 
Berlin, 1931. The particular value of Koppen’s classification lies in the fact that it is a 
quantitative system, which uses numerical values for defining the boundaries of the 
climatic groups and types. Where exact definitions are given to the lines limiting the 
climatic types, the boundaries are subject to checking and revision as new data are 
available. The Koppen system has been so widely adopted that it is almost a world 
standard. Another valuable world classification of climates, likewise employing numer¬ 
ical values of temperature and rainfall for defining the boundaries of climatic types, 
is by C. Warren Thornthwaite (see references, p. 159). Both the Koppen and the 
Thornthwaite classifications, representing quantitative systems of comparative clima¬ 
tology, are particularly useful to professional geographers or to college students who are 
training to enter that field. It is the authors’ belief, however, that in an introductory 
book in geography for college freshmen and sophomores, scarcely any of whom will 
become geographers, major emphasis should be placed upon the descriptive elements of 
a climate rather than upon the values employed to establish boundaries, especially since 
these values are still somewhat tentative. For this reason no attempt has been made 
to impress the student with the necessity of memorizing the specific Kbppen formulas. 
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sometimes designated as the “death zones/’ The humid middle 
latitufles C and /), with their seasonal contrasts in temperature, are 
divided into two climatic groups, one in which the winters are short 
and mild (C), and the other in which they are severe and long (D), 
Finally in the higher latitudes arc the summerless polar climates E. 
In more detail the outline of principal climatic types and their sub¬ 
divisions appears below. 


(iroiips 

A. Tropical rainy 
climates 


B. Dry climates 


Types of Ceimate^ 

I. Low Latitudes {The Tropicff) 

Types 

(1. Tropical rainforest ( Af, constantly wet) 

< (Am,, monsoon variety) 

Tropical savanna {Aw, wet and dry) 
d. Low-latitude dry climates 

а. Low-latitude desert {BWh, arid) 

б. Low-latitude steppe {BSh, semiarid) 

II. Middle Latitudes {Intermediate Zones) 

L Middle-latitude dry climates 

a. Middle-latitude desert {BWk, arid) 
h. Middle-latitude steppe {BSky semiarid) 
a. Mediterranean or dry-summer subtropical { Cs ) 
0. Humid subtro}>ical {Cfa, Cwa) 

7. Marine west coast {Cfh) 

8. Humid continental climates: 
a. Humid continental with 

{Dfa, Dwa) 

h. Humid continental 
{Dfb, Divb) 

9. Siibar<*tic {Dfc, Dwe, Dwd) 

High Latitudes {Polar Caps) or High Altitudes 

10. Tundra {ET) 

11. Ice cap {FjF) 

H. Undifferentiated highlands 


Humi<l rnesot hernial' 
climates j 


J). 


F. 


Humid microthernial; 
climates 


III. 

Polar climates 


long summers 


with short summers 


the more important ones of which are given below for those who desire to use them. 
Definitions of other Koppen symbols are given in footnotes at the points where they 
may be useful. 

A ~ temperature of coolest month over 64.4® (18°C.) 

B — evaporation exceeds precipitation 

C ~ coldest month between 64.4® (18®C.) and 26.6° ( —8°C.) 

D = temperature of coldest month under 26.6° (—3°C.) ; warmest month over 50® 

(10®C.) 

E — temperature of warrae.st month under 50° (10°C.) 

^ Temperature and precipitation data for representative stations are included for 
each type of climate. It is expected that data for selected stations will be plotted on,the 
coordinate-paper blocks provided in Plate IV. Supplementary climatic data can be 
found in Appendix A. 
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Fig. 69. —Arrangement of climatic types on a 
hypothetical land mass of moderately low and uni¬ 
form elevation. 


^ In order to facilitate 
shifting back and forth be¬ 
tween the standard Kbpjien 
system of classification and 
the modified and simplified 
form of that scheme here 
employed, the correspond¬ 
ing Koppen symbols ap¬ 
pear in parenthesis after 
each type of climate. Since 
the two classifications are 
shnilar, but not identical^ 
the latter symbols indicate 
only somewhat comparable 
climates, and should not be 
understood to imply com¬ 
plete agreement.^ 

180. Dlstkibittion ok 
Climates on an Ideal 
Continp:nt. In studying 
the text materials on types 
of climate to follow, con¬ 
stant reference should be 
made to Plate V, showing 
distribution of the types 
over the land areas of the 
earth. In conjunction with 
the analysis of actual dis¬ 
tribution as exhibited on 
Plate V, careful attention 
likewise should be paid to 
Fig. 69. It is d(‘signed to 
show the typical positions 
and arrangements of the 
climatic types as they 
would appear on an ideal¬ 
ized continent of low and 
1 One of Koppen *s principal 
climatic types Cw is here omitted. 
It is felt that this climate is not 
suflSciently distinctive to warrant 
setting it apart, for the purpose of 
this classification, as a separate 
type. 
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uniform elevation, the shape of which roughly corresponds to that of 
the actual land masses. In other words, on this hypothetical continent 
one is able to see the climatic types as they probably would be, with 
the modifications and complications resulting from varying shapes, 
sizes, positions, and elevations of the land masses eliminated. The 
strong resemblances between Fig. 69 and Plate V are obvious. 

IIeferences for Section B 

Aokerniaii, Edward A. The Koppen Classification of Climates in North America. 
(hog. Rev., Vol. 31, pp. lO.'S-lll, 1941. 

“Atlas of American Agriculture.’’ Part 2, Climate. 3 sections; Frost*and the Growing 
Season; Temperature, Sunshine and Wind; Precipitation and Humidity. Govern¬ 
ment Printing Office, Washington, D. C. (’ontains excellent and detailed maps of 
the climatic elements. 

lirooks, (’. F., ('onnor, A. J., ct al. “Climatic Maps of North America.” Harvard 
f'niversity Press, Cambridge, Mass., 1936. 

“(’limute and Man.” Yearbook of Agriculture, 1941. Government IVinting Office, 
Washington, I). (’ontuins an abundance of climatic data on foreign countries as 
well as on the United States. 

Haiin, .lulius. “Handbook of Climatology.” Part 1, English translation by Robert De C. 
Ward. ’Fhe Macmillan ('oiripany. New A^ork, 1903. 4th rev. German ed. by Karl 
Knoch, J. Engelhorn’s Nachfolger, Stuttgart, 1932. 

.James, Preston E. “An Outline of (reography.” Ginn and Company, Boston, 1935. 

(\>nlaiiis a brief but relatively complete presentation of the Kbppen classification. 
Kendrew, W. G. “Climate.” University Press, Oxford, 1930. A particularly good treat¬ 
ment of the climatic elements. 

-- “Climates of the C\>ntinents.” University Press, Oxford, 1927. 

Koppen, W. “(irundriss der Kliniakunde.” Walter de Gruyter & C'ompany, Berlin, 
1931. (\)ntains a relatively complete analysis of the Koppen scheme of climatic 
classification. 

-and Geiger, R. “Ilaiidbuch der Klimatologie.” (Jebrtider Borntraeger, Berlin, 

1930 and later. 5 vols.; not completed. Vol. I covers the field of general 
climatology; the other four are on regions. Those parts dealing with the United 
States, Mexico, West Indies, Central America, Australia, New Zealand, and 
parts of eastern Africa are in English; the other parts are in German, Vol. I, Part 
C, 1936, contains Koppen’s latest analysis of his system of climates. The most 
complete and up-to-date compendium of information on general and regional 
climatology. Contains abundant climatic data. 

Miller, A. Austin. “Climatology.” Methuen & Co., Ltd., London, 1931. 

'Fhornthwaite, C. Warren. The Climates of North America According to a New Classifi¬ 
cation. Geog. Rev., Vol. 21, pp. 633-665, 1931. . 

-The Climates of the Earth, Geog. Rev., Vol. 23, pp. 433-440, 1933. A new and 

original method of climatic classification. 

United States Weather Bureau, Bull. W. Summary of the (’limatological Data of the 
United States by Sections. Government Printing Office, Washington, D. C. Con¬ 
tains the most detailed and complete climatic data of the United States. 

Ward, Robert De C. “Climates of the United States.” Ginn and (’ompany* Boston, 
1925. 





Chapter VII. The Tropical Rainy 
(Climates (A)' 


181 . Loc ation and IIoundaiues. The humid tropics comprise a 
somewhat interrupted and irregular ‘Tieli” 20 to 40° vvich*, around the 
earth and straddling the ecpiator (Fig. 09, Plate A ). This n^gion is 
distinguished from all other humid regions of the (*arth by reason of 
the fact that it is constantly warm; in other words, it lacks a winter. 
In the humid tropics summer heat is a less important factor than a 
season of coolness, during which there is some relief from high tern* 
peratures. As a consequence, the poleward boundary of th(‘ tropical 
rainy climates, except where they come in contact with the dry 
climates, is according to Kdppen, approximately the isotherm of G4° 
for the coolest monih.“ Stated in a different way, within this climatic 
group there is no month with an average temjierature of less than 64°. 
This temperature was selected because it was found to coincide reason¬ 
ably well with the poleward limit of certain plants which grow only 
in the warmest regions and cannot tolerate marked seasonal changes 
in temperature. The chief interrujitions of the belt of humid tropical 
climates over the continents are caused by mountains and plateaus, 
these elevated lands, even though near the equator, having tempera- 
tures too low to permit them to be classed as typically tropical. 

Normally the tropical rainy climates extend farthest poleward 
along the eastern or windward sides of the continents (Fig. 69). Here 
tropical maritime air masses (trades) come onshore from off warm 
waters and provide atmospheric conditions conducive to thunderstorm 
and cyclonic precipitation. East-coast rainfall is especially heavy whenj 
the tropical air masses are forced to ascend highland barriers. Hurri¬ 
canes are likewise prevalent along certain of the tropical east coasts. 

^ Unfortunately there is insufficient information concerning air masses and their 
characteristics in the various parts of the world to permit a consistent use of air masses 
in explaining the distribution of climatic types. 

^ Upland savannas (201), therefore, could not be iiurluded if the Khppen definition 
were strictly applied. 
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On these windward sides of the land masses, therefore, the humid 
tropical climates extend poleward until they meet the humid sub¬ 
tropical climates of the middle latitudes. In the interior, and toward 
the western sides of the continents, however, the humid tropics are 
bounded by the dry B climates. As the trades sweep farther inland, 
their aridity increases, so that in the continental interiors semiarid and 
arid conditions are brought somewhat closer to the equator. Where 
cool equatorward-moving ocean currents parallel the west coasts in 
low latitudes (103) they may carry the dry climates to within a few 
degrees of the equator, notably constricting the breadth of the humid 
tropical belt. 

182. Precipitation. Rainfall is relatively abundant, rarely 
lower than 30 in., and usually it is well over that amount (Plate II). 
Much of the precipitation is convectional in origin, the heavy showers 
often being aecf)inpanied by severe thunder and lightning. (Cyclonic 
rains associated with weak tropical lows are likewise inqiortaiit. Unlike 
I he uniform temperature conditions, rainfall is more variable in amount 
and in both seasonal and areal distribution. The two principal climatic 
types within 11 k‘ humid tropics are distinguished from each other on the 
basis of th(‘ir s(‘asonal distribution of precipitation, one type, tropical 
rainforest, having ample rainfall throughout the year, while in the 
other, savanna, there is a distinctly wet and a distinctly dry season. 

l. Tropical Rainforest Climate {AJ and Amy 

183. Loc ation, (a) Uniformly high temperatures and (6) heavy 
precipitation distributed throughout the year, so that there is no 
marked dry season, are the two most distinguishing characteristics 
of the Af or tropical rainforest climate. When typically located it is 
found astride the equator and extending out 5 or 10° on either side. 
This latitudinal s})read may be increased to 15 or even 25° along the 
windward margins of the continents. 

Temperature 

184. Annual and Seasonal Temperature. Lying as it com¬ 
monly does athwart the equator and consequently in the belt of 
maximum insolation, it is to be expected that temperatures will be uni¬ 
formly high, the yearly averages usually lying between 77 and 80°-f* 
(see data, pp. 167, 169). Since the sun’s noon rays are never far from a 
vertical position, and days and nights vary little in length from one 

^ In the Koppen symbols / = moist (Jeucht) throughout the year, no month with 
less than 2.4 in. of rain; rn =* monsoon variety, with heavy annual rainfall but a short 
dry season. 
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part of the year to another, not only are the annual temperatures 
high, but there is likewise little seasonal variation (Fig. 70). The 
annual temperature range, or difference between the warmest and 

coolest months, is usually less than 
5°. Thus Bel^m and Iquitos in the 
Amazon Valley have annual ranges 
of and 4.3° respectively, Coquil- 
hatville in central Africa and 

Singapore in southern Malaya 3.2°. 
Over the oceans in these low lati¬ 
tudes ranges are even less, Jaluit in 
the Marshall Islands in niid-Pacific 
recording only 0.8° difference be¬ 
tween the extreme months. It 
beconies evident from the very 
small temperature ranges that it is 
not the excessively high monthly 
averages but rather the uniforrnitij 
and monotony of this constant, 
succession of hot months, with no 
relief, that characterizes the tropi¬ 
cal rainforest climate. Thus the 
average July temperatures of many 
American cities, such as ('harlcston, 
with 81.6°; Galveston, 83.3°; and Montgomery, 81.6°, may equal, or 
even exceed by a few degrees, those of the hottest months at stations 
near the equator. The hottest month at Belem (Amazon Basin) is 
only 79.7°, and at Akassa (Niger Delta) 79.9°. 

185. Daily Temperatures. The daily or diurnal range of tem¬ 
perature (difference between the warmest and coolest hours of the day) 
is usually 10 to 25°, or several times greater than the annual range. 
For example, at Bolobo in the Belgian Congo, the average daily rangi' 
is 16°, while the annual range is only 2°. During the afternoons the 
thermometer ordinarily rises to temperatures varying from 85 to 93° 
and at night sinks to 70 or 75° (Figs. 71, 72, 73). It is commonly said, 
therefore, that night is the winter of the trojhcs. Even the extremes of 
temperature are never very great, the average of the daily maxima at 
Bel^m being only 91.4°, and the average of the daily minima 68°. The 
highest temperature ever recorded at Santarem (Amazon Basin) is 
96.3°, while the lowest is only 65.3°. This absolute maximum of 96.3° 
may be compared with 103° for Chicago and 108° for St. Louis. 
Although the day temperatures may not be excessively high, the heat, 



aturesand precipitation for a representa¬ 
tive tropical rainforest station. M<mthly 
temperatures are much more uniform 
than monthly precipitation. 
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together with slight air movement, intense light, and high relative and 
absolute humidity, produces an atmospheric condition with low cooling 
power. It is oppressive and sultry so that one’s vitality and energy are 
sapped. Seruible teviperatures are, therefore, excessively high, although 
the thermometer readings may not indicate abnormal heat. 

Even the nights give little relief from the oppressive heat. Rapid 
nocturnal cooling is not to be expected in regions of such excessive 



Fia. 71.—Daily inaxirnunj and minimum temperatures for the extreme months at a 
representative tropical rainforest station. The thinner line is July. 

humidity and abundant cloudiness. The periods of less rainfall and 
clearest skies have the lowest night temperatures, the thermometer 
on rare occasions falling below 60°. 

186. Daily Maikii of Temperature. Figures 71, 72, and 73 
show the daily march of temperature for the extreme months at repre- 
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Fig. 72. —Daily maximum and minimum temperatures for the extreme months at a 
representative tropical rainforest station in the Amazon N^ailey. {Courtesy of Mark 
Jefferson and the Geographical Review.) 

seiitative stations within tropical rainforest climate. The graphs illus¬ 
trate a temperature regime in which sun is almost completely in 
control. There is a marked diurnal regularity and periodicity about 
the changes, temperatures rising to about the same height each day 
and falling to about the same level each night, so that one 24-hr. 
period almost duplicates every other. Irregular invasions of heat and 
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cold, of the type so common in the middle latitudes, are practically 
unknown. 

Precipitation 

187. Amount and Seasonal Disthtbution. Rainfall is both 
heavy and distributed throughout the year, there being no distinctly 
dry season (Figs. 70, 77; see data, [)p. 167, 168). Taken as a whole, 
tropical rainforest climate is coincident with the world’s heaviest belt 
of precipitation (Plate II). Ward estimates the average rainfall of the 
doldrum belt to be in the neighborhood of 100 in., with less over the 
conlinents and more over the oceans. Because of the abundant prc*- 
cipitation, surface ocean waters in the dohlrums are less salty than they 
are in the trades. In this region close to the equator conditions arc 
ideal for rain forrnaiion. Of primary importance is the faet that it is a 
region of rising air. This results in part from the convergence and rise 
of trade-wind air masses along the intertropical front. In part it is 
due also to local convection in the quiet, humid air of the doldrums. 
Both thund(‘rstorms and weak cyclones are numerous, and only a 
small amount of lifting of the unstable air is required to jiroduce 
abundant rainfall. Cloudiness, much of it cumulus in character, is 
relatively high in the doldrums, averaging in the neighborhood of 58 
per cent. At Manaus, in the Amazon Valley, cloudiness varies between 
6/10 and 7/10 for each month. At Belem it is 4/10 in the driest month 
and 8/10 in the rainiest.^ 

Although it is true that there is no genuinely dry season in the 
tropical rainforest climate, it should not be inferred, on the other 
hand, that the raiid'all is evenly distributed throughout the year. By 
comparison with the rainiest periods there are others that are less wet, 
but they are far from being dry. There is no distinctive seasonal 
rainfall regime characteristic of the rainforest type of climate. 

In the rainier periods precipitation falls on a large majority of the 
days, although there are usually a few days with none. Fewer raiqy 
days and less rain on each day are characteristic features of the less 
wet seasons. At Belem in the Amazon Valley with 94 in. of rain, March 
(13.9 in.) has six and one-half times more rain than November, but 
even November has 10 rainy days although March has 28. Precipi¬ 
tation varies much more from year to year than does temperature, 
although these variations are seldom enough to injure crops. Even the 
driest years are still relatively wet. 

188. Nature of the Rainfall. Much of the rainfall is con- 
vectional in origin, falling in hard showers from towering cumulo- 
^ Cloudiness is here expressed in terms of the part of the total sky covered. 
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nimbus clouds. The maximum usually occurs during the warmer hours 
of the day, when local heating, and therefore convectional ascent, are 
at a maximum. Early mornings are often relatively clear, but as the 
sun climbs toward the zenith and tem})erature increases, cumulus 
clouds begin to appear, growing in number and size with the heat of 
the day, until by afternoon ominous thunderheads are common. 
Several thunderstorms, accompanied by thunder and lightning, in a 
single afternoon are not unusual, and the rain may continue on into 
the evening, although there is a tendency for the skies to become ch‘arer 
as the heat wanes. The cloud cover and downpour of rain accompany- 
ing the storm temporarily cool the air, but with its passing and 
the reappearance of the sun, the usual oppressive conditions are 
reestablished. Within the doldrum belt thunderstorms reach their 
maximum development for any latitude of the earth, there being on 
the average 75 to 150 days with such storms during the course of a 
year. These j)aroxysms of nature, with their fierce lightning, crashing 
thunder, and delug(‘s of rainfall, are awesome spectach's. One traveler^ 
writes as follows concerning the h(‘a\y convectional showers in the 
tropical rainforest climate: 

“Tlie force of the downpour is another factor in the oecolog.\' of the forest. 
In the wet season thunderstorms of great violence are frecjucTit, and the rain 
descends with a sudd(‘iiness and volume unknown outside the troiucs. The 
sun is shilling, the forest glitters with a million lights, birds are on the move, 
and insects hum and dance from leaf to leaf. All at once a shadow is drawn 
over the sun, and all activity of bird and beast ceases as the sound of rushing 
rain rapidly apjiroaches. An avalanche of water tlien crashes down, blotting 
out surrounding objects and, as it seems, sweeping the very breath from tin* 
nostrils, bewildering and benumbing the senses. Every twig and leaf is bent 
and battered, and in a few seconds streams pour down the jiaths and the world 
seems changed into a thundering cataract. Then, as suddenly as it came, the 
storm passes, and the sun blazes out again before the roar of the storm sweep¬ 
ing over the treetops has died away in the distance. Even before the leaves 
have ceased to drip, or the land-crabs, tempted forth by the teeming water, 
have scuttled to cover again, the life of the forest is resumed. It is almost 
incredible how some fragile forms escape destruction under such terrific 
bombardments. . . . 

Weak tropical cyclones, probably of frontal origin, are likewise 
important rain bringers. Cyclonic rain is less intense but of longer 
duration and falls from more uniformly overcast gray skies. These 
cyclonic storms appear to be most numerous at the periods of heaviest 
rainfall. 

^ Haviland, Maude D. “Forest Steppe and Tundra.“ p. 39, University Press, 
Cambridge, Mass., 192fi. 
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189. Winds. The feeble temperature gradients beget only weak pres¬ 
sure gradients, so that air movement is prevailingly slight. The whole region 
is poorly ventilated, and this, in conjunction with high temperatures and 
excessive humidity, makes for physical discomfort. Temporary relief may 
be brought by the strong squall winds associated with thunderstorms. 
Occasionally the trades advance far enougli equatorward, especially in the 
drier season, to bring spells of desiccating weather. This wind, known as the 
harmattan along the Guinea Coast of Africa, is usually described as a cool 
wind, especially at night, probably owing to its great evaporation. 

Sea breezes are important climatic phenomena along coasts in the low 
latitudes. The importation of cooler air from the sea during the heat of the 
day is a great boon to residents along the littoral, causing tropical coasts 
to he much more livable than are the interiors. 

Daily Weather 

190. Daily Weather Largely Sun Controlled. (Figs. 71, 72, 78.) 
The following description by an eye witness, of daily weather conditions in 
the Amazon Valley, may serve to synthesize and vivify the previous 
description: 

“The heat increased rapidly toward two o'clock (92° and 93° Fahr.), by 
which time every voice of bird or mammal was hushed; only in the trees 
was heard at intervals the harsh whir of a cicada. Tlie leaves, which were so 
moist and fresh in early morning, now became lax and drooi)ing; tlie flowers 
shed their petals. Our neighbours, the Indian and Mulatto ijihabitants of 
the open palm-thatched huts, as we returned home fatigued with our ram¬ 
ble, were either asleep in their hammocks or seated on mats in tlie shade, 
too languid even to talk. On most days in June and July a heavy shower 
would fall some time in the afternoon, producing a most welcome coolness. 
The approach of the rain-clouds was after a uniform fashion very interesting 
to observe. First, the cool sea-breeze, which commenced to blow about 10 
o'clock, and which had increased in force with the increasing power of the 
sun, would flag and finally die away. The heat and electric tension of the 
atmosphere would then become almost insupportable. Languor and uneasi¬ 
ness would seize on every one; even the denizens of the forest betraying it 
by their motions. White clouds would appear in the east and gather into 
cumuli, with an increasing blackness along their lower portions. The whole 
eastern horizon would become almost suddenly black, and this would spread 
upwards, the sun at length becoming obscured. Then the rush of a mighty 
wind is heard through the forest, swaying the tree-tops; a vivid flash of 
lightning bursts forth, then a crash of thunder, and down streams the 
deluging rain. Such storms soon cease, leaving bluish-black motionless 
clouds in the sky until night. Meantime all nature is refreshe'd; but heaps of 
flower-petals and fallen leaves are seen under the trees. Toward evening life 
revives again, and the ringing uproar is resumed from bush and tree. The 
following morning the sun again rises in a cloudless sky, and so the cycle is 
completed; spring, summer, and a,utumn, as it were, in one tropical day. 
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I'he days are more or less like this throughout the year in this country. . . . 
It is never either spring, summer, or autumn, but each day is a combination 
of all three. With the day and night always of equal length, the atmospheric 
disturbances of each day neutralising themselves before each succeeding 
mom; with the sun in its course proceeding midway across the sky, and the 
daily temperature the same within two or three degrees throughout the 
year—how grand in its perfect equilibrium and simplicity is the march of 
Nature under the equator!"^ 

191. Representative Regions. The Amazon Valley in South 
America, the Congo Basin and Guinea Coast in Africa, and large parts 
of the East Indies are the three largest areas with tropical rainforest 
climate (Plate V). Of the two large interior regions, the Amazon and 
Congo Basins, the former possesses the more severe rainforest climate, 
having, on the whole, heavier rainfall. The trades find free entrance 
into the Amazon Valley through the opening between the Brazilian and 
the Guiana Highlands, and likewise by way of the Orinoco Valley, 
carrying with them enormous supplies of moisture which are precipi¬ 
tated as rain in the interior. Unlike the Amazon Valley, which is 
extremely low, the Congo Basin averages 1,000 to 1,600 ft. in elevation. 
Moreover, it is shut off from the sea on the east by a relatively high 
plateau, which prevents entrance of the trade winds. As a result the 
rainfall is 10 to 20 in. less than in the Amazon Valley. 

(’limatic Data for Reprbsentatfve Tropical Rainforest Stations 
Singaporef Straits Settlements {Malaya) 

J F M A M J J A S 6 N D IV. Range 

Temp. 78.3 79.0 80.2 80.8 81.5 81.1 81.0 80.6 80.4 80.1 79.3 78,6 80.1 3.2 

Precip. 8.5 6.1 6.5 6.9 7.2 6.7 6.8 8.5 7.1 8.2 10.0 10.4 92.9 

BeUm, Amazon Valley 

Temp. 77.7 77.0 77.5 77.7 78.4 78.3 78.1 78.3 78.6 79.0 79.7 79.0 78.3 2.7 

Precip. 10.3 12.6 13.3 13.2 9.3 5.7 4.9 4.3 3.2 2.5 2.3 5.1 86.7 

Nouvellc Anvers, Belgian Congo 

Temp. 79.2 80.1 79.2 78.1 79.2 78.4 76.5 76.3 77.0 77.4 77.9 78.1 78.1 3.8 

Precip. 4.1 3.5 4.1 5.6 6.2 6.1 6.3 6.3 6.3 6.6 2.6 9.3 66.9 

Modified Rainforest Types 

192. The Eastern Littorals (If). Smaller areas of tropical 
rainforest climate are to be found in parts of eastern Brazil, the eastern 
lowland of Central America, the west coast of Colombia, and eastern 
Madagascar. In three of the above-named regions, where the location 
is on the eastern or windward side of a land mass, the tropical rain- 

' Bates, Henry Walter. “The Naturalist on the River Amazon.” pp. 31-32, John 
Murray, London, 1910. 



168 THE PHYSICAJ. ELEMENTS OF GEOGHAPHY 


forest climate extends poleward farther than it ordinarily does. This 
results from the unusually abundant rainfall characteristic of these 
windward littorals. Af climates 20'^+ away from the equator have 
certain slight modifications of typical Amazon Valley conditions. 
Marine location and onsliore winds slightly modify the heat while the 
trade winds make for better ventilation. As a result the climate is not 



Fig. 73. —Daily maxiniurn and 'minimum temperalurcs for a tropical rainforest 
station on the east coast of Brazil, 24° south of the c(iuator. {('ourtffiy of Mark' Jcfferfion 
and the Geographical Review.) 

quite so oppressive (Fig. 73). Because of their closer proximity to the 
middle latitinhvs, Invasions of modified jiolar air masses are oceasiotially 
felt, resulting in more v^ariablc temperature condition. 

('limatic Data for Belize^ British Hondnras, a Representative \t Station 

J F M A M J J A S 0 N D )>. Range 

Temp. 74.8 76.8 79.2 70.2 81.0 82.4 82.G 82.0 82.0 70.3 70.1 73.6 70.3 9 

Preeip. 5.1 2.6 1.6 1.5 4.1 0.1 0.6 8.5 0.4 11.0 10.2 6.3 70.0 

198. Monsoon Littorals (Im). iiegions with the symbol 1/a 
are under the influenee of monsoons or strong monsoon tendencies. 
Characteristically they are coastal locations backed by mountains 
or by plateau escarpments. Rainfall is very heavy, a considerable part 
of it being orographic rain from the onshore summer monsoon. It 
differs from the typical rainforest climate in that precipitation is not 
so well distributed throughout the year, there being at least a short 
dry season. In annual rainfall distribution, therefore, this subtype 
somewhat resembles the savanna regime, although the total amount 
is much heavier and the dry period commonly is not so long. The 
maximum precipitation usually occurs at the time of high sun, which 
is the period of the onshore monsoon. In spite of a distinct dry sea.son, 
variable in length, the precipitation is so heavy that the ground 
remains sufficiently damp throughout the year to support a relatively 
dense, semideciduous forest. Temperatures usually reach a maximum 
during the period of clearer skies just before the season of heaviest 
rainfall and cloud, even though the latter is the period of highest sun 
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(see data for Calicut). This subtype is best developed in the monsoon 
lands of tropical southeastern Asia and on the western Guinea Coast of 
Africa. 


CHmaiir Data for Catwuty India^ a Reprencnintivc \nt Station 
J F M A M J J A S 0 N J) Yr. Rangr. 

Temp. 77.8 79.8 8l.(i 83.8 83.1 78.5 70.7 77.4 78.3 79.1 79.5 78.3 79.5 0.9 

Precip. 0.3 0.2 0.0 3.2 9.5 35.0 29.8 15.3 8,4 10.3 4.9 1.1 118.0 

2. Savanna Climate 

Savanna climate differs in two ])riiK*ipal respects from tropical 
rainforest climate: (a) It usually has less precipitation; and {h) rain¬ 
fall is unevenly distributed throughout tlie year, there being a dis¬ 
tinctly wet and a distinctly dry season (Plate II, Fig. 77). These 
climatic contrasts result in the dtuise forest cover, tyi)ical of areas near 
the equator, being r(‘placed by lighUT, more open, tropical forests and 
tall grass in the savanna regions. 

194. Location and Boundaries, On Fig. 69, showing the 
distribution and characteristic locations of types of climate on an 
ideal continent, savanna areas lie on the poleward and interior sides 
of the tropical rainforest climate and betwx^en it and the dry climates. 
In a general w^ay the characteristic latitudinal location of the savannas 
is about 5+ to 15° ±, and they extend still farther [)oleward along the 
windward, or eastern, side of the continent. This places them betw^een 
the humid and relatively unstable rising air masses of the doldrums 
and equatorial margins of the trades on one hand, and the drier and 
more stable settling air mas.ses of the subtropical high-pressure cells 
and polew^ard margins of the trades on the other. With the northw^ard 
and southw'ard movements of the sun’s rays these transition regions 
are encroached upon by both air masses or wdnd systems during the 
course of a year. 

It becomes evident from a scrutiny of Plate V that many, if not 
most, of the large savanna areas do occupy the characteristic location 
described above and shown in Fig. 69. The Llanos of the Orinoco 
Valley (Colombia and Venezuela) and adjacent parts of the Guiana 
Highlands in northern South America, the Campos of Brazil, the Sudan 
and Veld of northern and southern Africa, respectively, ami the tropi¬ 
cal grasslands of northern Australia are all thus situated. In position, 
therefore, these savanna regions are often intermediate between 
the constantly wet and the constantly dry climates and are like 
each on their opposite margins. Not only are they intermediate in 

^ In the KOppen symbols w == dry season in winter or low-sun period; at least one 
month with less than 2.4 in. of rain. 
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position, but they are likewise transitional in their wind, tempera¬ 
ture, rainfall, and vegetation characteristics. On the rainforest or 
equatorward margins of the savannas rainfall is heavy, the dry season 

short, and temperature and vege¬ 
tation closely resemble those of the 
rainforest. But as one travels 
poleward or interior toward the dry 
climates, the rainy season becomes 
shorter, temperature ranges are 
somewhat larger, and tn^es give 
way more and more to grasses. 

Temperature 

195. The temperature ele¬ 
ments in savanna and tropical rain¬ 
forest are not greatly unlike. Con¬ 
stantly high temperatures are still 
the rule, for the noon sun is never 
far from a vertical position, and 
days and nights change little in 

Fig. 74.—Average monthly tempera- length from one part of the year to 
turcs and precipitation for a representa- .t t i i i 

tive savanna station. another. In general, howev'cr, yearly 

ranges are somewhat greater (al¬ 
though still small) than in typical rainforest regions, usually over 5° 
but seldom exceeding 15*^ (Fig- 74). These larger ranges may result 
from the fact that the high-sun months are slightly hotter and the 



Fig. 75.—Daily maximum and minimum temperatures for the extreme months at a 
representative savanna station in BraziL {Courtesy of Mark Jefferson and the Geo¬ 
graphical Review.) 

low-sun months are slightly cooler than is typical for regions nearer 
the equator. 

It is significant that the hottest month or months many times do 
not coincide with the time of highest sun but usually precede it some¬ 
what and thus occur before the height of the lainy period, when the 
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more persistent cloud cover and heavier precipitation tend to lower 
the temperature. Thus March, April, and possibly. May, are likely to 



Fio. 76.—Daily maximum and minimum temperatures for the extreme months at a 
representative savanna station with a marine location, {(^ourteny of Mark Jefferson and 
the Geographical Review.) 

he hotter than June or July, which are the rainiest periods for Northern 
Hemisphere savannas. 


CuMATU' Data for Representative Savanna Stations 
Timho, French West Africa (10°4()'A’.) 
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0.2 1.1 

2.0 

4.5 

5.9 

8.1 

54.6 



Precipitation 

196. Amount of Rainfall. Since temperatures are not greatly 
different within the tropics, rainfall becomes the more critical element 
in setting apart the several climatic types of the low latitudes, (charac¬ 
teristically, the total amount of rainfall of the savanna is less than 
that of the tropical rainforest climate, 40 to 60 in. being more typical 
of the former. But since the savanna type usually occupies transitional 
belts between the constantly wet and the constantly dry climates, it 
naturally follows that there will be considerable contrast between the 
amount of rainfall on its two margins. 

197. Rainfall Regime. It is the seasonal distribution rather 
than the amount of precipitation, however, which chiefly distin¬ 
guishes the two climates of the humid tropics, for the savanna type 
has a distinctly wet and a distinctly dry season. This contrast between 
the two types is principally due to their latitudinal locations, for 
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although tropical rainforest is almost constantly within the doldrum 
belt of unstable rising air and heavy rains, sa¬ 
vannas are on the margins of the doldrums and, 
therefore, in an intermediate position between 
them and the dry settling air masses of the 
subtropical high-pressure cells and the poleward 
margins of the trades. 

Note. Although in tbe planetary system of 
w inds///m'wind belts, doldrums, trades, and horse 
latitudes, are recognized as belonging to the trop¬ 
ics, only //CO gen<‘ral air masses with contrasting 
humidity and precipitation characteristics are so 
designate<l. These are the tropical and the equa¬ 
torial. There is no distinct line of separation be¬ 
tween the source regions of these two air masses, 
but usually it is drawn somewhere between lati¬ 
tudes 10 and H?0, where the anticyclonic diver¬ 
gence and subsidenc(‘ vanishes and w here there is 
a distinet change in humidity, cloudiness, and 
j)recipitation. So drawn the line pass(‘s through the 
tAides so as to include their equatorward portions 
with the dohlrums to form the humid equatorial 
air masses, and their poleward margins with th(‘ 
subtropical anticyclones to form the drier tropical 
air masses wdi<‘re subsidence is prevalent. 

The Sudan of nortlicrn .Africa may be used 
as a concrete example to clarify further tlu‘ 
meclianics of the sa\ anna rainfall regime. As 
the sun’s rays move northward from the equa¬ 
tor after the spring equinox, their thermal 
effects cause pressure and wind belts to shift in 
the same direction, although lagging a month or 
two behind in time. As the equatorial air masses 
Fig. 77. -llhisirating (doldrums and equatorial margins of trades) 
rainfall regimes in the low heavy rains gradually creep northward, 

the etiuator. Stations are thunderstorms begtu to appear m March or 
arranged according to April over the Sudan, and the rainfall continues 
latitude with Nouvelle increase in amount until July or even August, 

clM^Ttothrequalor” when the doldrums have reached their maxi¬ 
mum northward migration. With the south¬ 
ward retreat of the equatorial air masses, following the sun, the rains 
decline in amount, until by October or November the dry settling 
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tropical air masses (subtropical anticyclone and poleward margins of 
trades) are prevailing over the Sudan, and drought grips the land. 
The length of the wet and the dry seasons is variable, depending upon 
distance from the equator. 

There is no abrupt boundary between the constantly wet and the 
wet-and-dry climates, but a vc*ry gradual transition from one to the 
other (Fig. 77). Thus on the equatorward margins of the savannas 
the rainy season persists for almost the entire year. In such locations 
there even may be a slight depression at the crest of the precipitation 
curve, this falling off of the rains occurring in the short interval of 
time between the northward and southward migrations of the dol¬ 
drums (Fig. 77, Zungeru). llie farther poleward one travels in the 
Sudan the shorter is the ])eriod of doldrum control and the longer that 
of the drier settling air masses, so that the dry season increases in 
length w Idle the wet ])eriod shrinks. For th(‘ sake of emphasis it bears 
repeating that the rainy season in the savannas closely coincides with 
the period of high sun and the j)resence of unstable rising equatorial 
air masses, whereas the dry season is identified with the period of low 
sun and dri<T settling tropical air masses. Most emphatically, rainfall 
follow\s the sun. This rule holds for either hemisphere, althougli one 
should keep in mind that December to February is the period of high 
sun (summer) south of the ecpiator and June to August the period of 
low' sun (wdnter). It is obvious, therefore, that when a Northern Hemi- 
sph(‘re savanna is having its rainy season, a similar region south of the 
equator is experiencing drought, and vice versa. 

108. Monsoon Savannas. In certain })arts of southern and south¬ 
eastern Asia, particularly in Jlritish India, Burma, and French Indo- 
China, are savanna lands that do not have the characteristic location 
with respect to wind belts described above. Here, instead of lying 
between latitudinally migrating w^et and dry air masses, the savannas 
are under the influence of monsoon wdnds and so ex])erience nearly 
a complete reversal of wdnd direction within the year. In monsoon 
savannas the wet and dry seasons usually coincide with the periods 
of onshore and offshore wdnds respectively. During the low-sun or 
dry period relatively stable continental air masses prevail. In the 
opposite season, at the time of high sun, there is an importation of 
warm humid air from over great expanses of troi)ical ocean. This is 
the rainy season. The onshore mon.soou is effective in producing a wet 
season, chiefly because it transports a tremendous amount of water 
vapor in over the land, so that a reservoir of moisture is created, in 
which thunderstorms, tropical lows, and hurricanes may readily pro¬ 
duce rainfall. Where the onshore monsoon is forced to ascend over 
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coastal mountains, rainfall is usually so abundant that, in spite of 
seasonal periodicity, monsoonal rainforest climate (Irw), instead of 
savanna climate, is the result. Where coasts are less elevated, or the 
region has an interior location so that rainfall is lower, savanna climate 
is more likely to prevail. 

199. Seasonal Weather. During its rainy season the weather of 
savanna climate clos(‘ly resembles that of tropical rainforest at its 
worst. This period usually is ushered in and out by violent thunder¬ 
storms and severe scpiall winds, which in Africa are called tornadoes. 
In these transition periods the weather is very trying, “violent short 
deluges of rain and intensely hot sunshine alternating.” During the 
height of the rains violent thunderstorms appear to be less frequent 
than they are at the transition periods, w^hile on the other hand 
heavy, long-continued, and more general rains reach their maximum at 
that time. These latter probably originate in weak tropical lows. 

In the low-sun, or dr?/, season the weather is like that of the deserts. 
The humidity becomes very low so that the skin is p)arched and 
cracked. In spite of the aridity, the dry season is welcomed after the 
humid, oppressive heat of the rainy period. An occasional shower may 
occur during the months of drought, the number depending upon which 
margin of the savannas is being considered. On the dry margin the 
period of absolute drought may be of several months’ duration, while 
on the rainy margin, where it makes contact with tropical rainforest 
climate, there may be no month absolutely without rain. The fact 
should never he lost sight of that none of these boundaries is sharp^ there 
being very gradual transitions from one type to another. During the dry 
season the savanna landscape is parched and brown, the trees lose 
their leaves, the rivers become low, the soil cracks, and all nature 
appears dormant. Smoke from grass fires and dust fill the air, so that 
visibility is usually low. 

The following quotation is a description of the seasonal weather and 
related landscape changes in a savanna region. It should be emphasized, in 
order to avoid confusion, that the region described is Zambezia, Africa, 
which is south of the equator. As a result of Southern Hemisphere location, 
the months included within the several seasons are exactly opposite from 
what they are in regions north of the equator. 

“The winter months, or dry season, extend, with a slight variation, from 
April to November. They are, as I have said, pleasant and healthy in the 
extreme. Now the traveller and hunter of big game make their appearance; 
the deciduous trees are leafiess; the grasses dry, yellow, and ready for the 
chance spark or deliberate act which, with the aid of a steady breeze, will 
turn vast expanses of golden grasslands into so many hideous, bare deserts 
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of heat-trcm\iIous black. All nature seems to be at a standstilb hibernating. 
The rivers are low. Where, but a few short months since, wide, watery 
expanses rushed headlong toward the .sea . . . there now remain but 
tranquil, placid channels, flowing smilingly at the bottom of steep, clifl4ike 
banks. . . . 

“With October the heat becomes very great. Vast belts of electrically 
charged, yellowish clouds, with cumulus, rounded extremities, begin to 
gather and at the dose of day are seen to be flickering in their murky centres 
with a menacing tremor of constant lightning, 'i'his may go on for a week 
or more, and then Nature arises like a strong man in anger and looses the 
long pent-up voice of the thunder and the irresistible torrents of the early 
rains. The first manifestation may come at evening and is a soul-moving 
display of natural force. . . . 

“After such a disturbance as the one I have just described, rein is fairl^^ 
continuous for some time, and the effect of this copious irrigation makes 
itself felt in every branch of animal and vegetable life. AVithin a few days the 
change is startling; flic j)aths and roadways choke themselves with a rich 
clothing of newly sprung gra.sses, whilst the trees, the extremities of whose 
twigs and branches have been visibly swelling, now leap into leaf and 
blossom. The moss(‘s, which for months past have looked like dry, be¬ 
draggled, colourless rags, regain once more their vivid, tender green. Now the 
fore.st throws off its puritanical greyne.ss and. with an activity and rapidity 
beyond belief, decks itself in flowers of a thousand gorgeous shades of colour, 
from clirome-yeUow^ and purple to grateful mauve. 

“The birds now' put on their finest feathers, the animals appear in their 
brightest hues. Colour and warmth run riot in the brilliantly clear air now 
washed clean from the mist and smoke which for so many months have 
obscured it. The clear verdant green of rapid-springing grasses and opening 
fronds clothes the landscape, and the distant peaks of the mountains lose 
their pale, bluey-grcy haziness and stand boldly out in the light of the sun. 
The months succeed each other, bringing with them new and .strange 
beauties, for summer is now^ at its height, and trees and flowers at their most 
perfect period. . . . April comes, and suddenly Nature holds her hand. 
The swollen rivers and inundated plains .shake themselves free from the 
redundant waters. The grasses have now’ reached a formidable height. The 
rains now cease, and the land begins to dry up. Rich greens turn to copper, 
and brown, and yellow’, and little by little, with the advent of May, the 
winter returns with its sober greyness. 

200. Rainfall Reliability. Not only is savanna rainfall less in 
total amount, and more periodic in its distribution throughout the 
year, as compared with tropical rainforest, but it is likewise less 
reliable, there being wider fluctuation in the amounts from year to 
year. One year may bring such an abundance of rain as to flood the 

' Maugham, R. C. F. “Zambesia.** pp. 883-388. John Murray, London, 1910. 
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fields, rot the crops, and increase the depredations of injurious insects 
and fungi, while the following year may witness even more severe 
losses from drought. lu northern Australia the average rainfall vari¬ 
ation from the normal is as much as 25 per cent (Fig. 79). 

Upland Savanna (CwY 

201. In tropical latitudes on several conlineiits, hut especially 
Africa, and South America, there are extensive uj)land areas, possessed 



Fig. TS.-'-Daily maximum and minimum l(‘mp(Taturus for Iho extreme months at an 
upland savanna .station on the Hrazilian Plateau. {C()urff\sij of Mark Jclfmon and the 
(leographieal Remu\) 

of many of the normal savanna characteristics but differing chiefly 
in their lower temperatures (Fig. 78). These are included within the 
general savanna type but on Plate V are set apart from the more 
standard lowland variety by a light stippling. (For climatic modifica¬ 
tions imposed by altitude, .see Chap. XL) 

* According to the Kiippen cla.ssificalion, Cv' climates appear in two characteristic 
locations: (a) tropical-savanna uplands, where because of altitude the temperature is 
lowered below that of the surrounding lowlands (.4a>)l and (b) mild subtropical monsoon 
lands such as exist in southern (^hina. It is the first group that is here being classified 
as the subtype upland savanna. The other group is included within the humid subtropical 
climates of the middle latitudes. 






Chapter VII1. l^he Dry Climates (B) 


202. Definition and Boundaries of Dry Climates. The 
essential feature of a dry clirnale is that y)()teiitial evay)oratiori shall 
(*xeeed precipitation.^ As a result of rainfall deficiency there is no 
surjdiis of water with which to maintain a constant ground-water 
sup})ly, so that permanent streams cannot originate within such areas. 
It may be possible, however, for streams to cross them, as do the Nile 
and the Colorado, for instance, provided they have their sources in 
more humid regions. 

If the above <l(‘hnition of a dry climate, viz.^ one in which potential 
evaporation exceeds ])recipitation, is accepted, then, since^ evaporation 
varies greatly in different parts of the earth, it follows that no specific 
amount of rainfall can be used to bound dry climates over the world as 
a whole. Potential evaporation is greater in warm than in cold regions, 
so that while 25 in. of precii>itation may be effective in producing a 
humid landscape with forests in cool northwestern Europe, the same 
amount falling in the hot tropics results in semiarid conditions. If a 
large amount of the annual precipitation comes in the warmer months 
when evaporation is higher, more is lost through evaporation and less 
is available for jilaiit growth. 

203. Desert and Steppe. Two subdivisions of dry climates are 
commonly recognized: (a) the arid, or desert, type and (b) the semiarid, 
or steppe, type. In general, the steppe is a transitional belt surrounding 
the real desert and separating it from the humid climates beyond. 
The boundary between arid and semiarid climates is a relatively 
arbitrary one, but by Kdjipen it is defined as one-half the amount 
separating steppe from humid climates. For example, if in a particular 
region 19 in. of rainfall marks the outer, or humid, boundary of dry 
climates in general, then 9^ in. may be taken as the boundary between 
steppe and desert for that same region. 

- Rate of evaporation may be measured by fri^ely exposing to the weather an open 
vessel containing wnter and noting the drop in the level of the water surface. 

177 
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204. Temperature. Since dry climates exist in a wide variety of 
latitudes and continental locations, few significant general comments 
on their annual temperatures can be made. On the whole, however, 
because of characteristic interior and leeward locations on the conti¬ 
nents, they tend to be severe for their latitude, having relatively 
extreme seasonal temperatures and consequently large annual ranges. 

More marked, however, are the large daily ranges, clear, cloudless 
skies, and relatively low humidity permitting an abundance of solar 
energy to reach the earth by day but likewise allowing a rapid loss of 



Fig. 79 .—In general it is the dry and subhumid regions that have the highest 
rainfall variability. (After Edwin Bid. Courtesy of the American Geographical Society of 
New York.) 


earth energy at night. I.arge diurnal ranges in deserts also are associ¬ 
ated with the meager vegetation cover, which permits the barren 
surface to become intensely heated by day. It is a physical law that 
the higher the temperature of a body the more rapid is its loss of heat 
by radiation and consequently the more rapid its reduction in tempera¬ 
ture.^ Deserts, therefore, not only acquire, but likewise lose, heat 
rapidly. In humid regions with a greater amount of vegetation, more 
of the solar radiation is absorbed by the plant cover or is used to 
evaporate moisture, so that extreme temperatures, like those of deserts, 
are less likely. Where vegetation is abundant, water vapor is likely 
to be also, so that n^ght cooling is retarded. 

^ The amount of heat radiated by a body is directly proportional to the fourth 
power of its absolute temperature. 
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205. Precipitation and Humidity. Rainfall in the dry climates 
is always meager. In addition it is extremely variable from year to 
year so that the average is not to be depended upon (Fig. 79). It is a 
general rule, worthy of memorization, that dependability of precipita¬ 
tion usually decreases with decreasing amount. Two handicaps, 
therefore, (a) meagerness and (b) unreliability of rainfall, seem to go 
together. No part of the earth, so far as is known, is absolutely rainless, 
although at Arica, in northern Chile, the average yearly rainfall over 
a period of 17 years was only 0.02 in. During the whole 17 years there 
were only three showers heavy enough to be measured. 

Relative humidity is (with a few exceptions) low in the dry climates, 
12 to 30 per cent being usual for midday hours. Conversely, evapora¬ 
tion is extremely high. Absolute humidity, on the other hand, is by no 
means always low, for hot desert air usually contains a considerable 
quantity of water vapor, even though it may be far from being satu¬ 
rated. The amount of sunshine is great, and cloudiness small. Direct 
as well as reflected sunlight from the bare, light-colored earth is blind¬ 
ing in its intensity. 

206. Winds. Dry regions are inclined to be windy places, there 
being little friction of the moving air with the lowly and sparse vegeta¬ 
tion cover. In this respect they are like the oceans. Moreover, the rapid 
daytime heating of the lower air over deserts leads to convectional 
overturning, this interchange of lower and upper air tending to acceler¬ 
ate the horizontal surface currents during warm hours when convection 
is at a maximum (99). “In the desert the wind is almost the only 
element of life and movement in the domain of death and immobility. 
A journey in the desert is a continuous strife against the wind charged 
with sand and, in moments of crisis, a painful physical struggle.*' 
(Gautier.) Nights arc inclined to be much quieter. Because of the 
strong and persistent winds, desert air is often murky with fine dust 
which fills the eyes, nose, and throat, causing serious discomfort. 
Much of this dust is carried beyond the desert margins to form the 
loess deposits of bordering regions. The heavier, wind-driven rock 
particles, traveling close to the surface, are the principal tool of the 
wind in sculpturing desert landforms. 

In the classification of climates here employed, tw^o great divisions 
of dry climates, based upon temperature contrasts, are recognized: 
(a) the dry climates of the low latitudes, or the hot steppes and deserts; 
and (6) the dry climates of the middle latitudes, or the cold (in winter) 
steppes and deserts.^ Not infrequently the low- and middle-latitude 

^ Kbppen uses the mean annual isotherm of 64.4® (18®C.) as the boundary between 
the two principal latitudinal subdivisions of dry climates. For North America at least. 
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dry climates are continuous with each other, the latter occupying the 
far interiors of the middle-latitude continents, and the former the 
interiors and western (leeward) margins of land masses in the latitudes 
of the subtropical highs and where cool ocean currents parallel the 
coasts. 


3. Low-latitude Dry Climates {BWh and BShy 

207. Location. The heart of the tropical dry climates (Fig. 69) 
is in the vicinity of latitudes 20 or 25°N. and S., with the average 
positions of their extreme margins at approximately 15+ and 30+ . 
They are fairly coincident with the dry settling and warming tropical 
air masses of the sul)tropical highs. Subsidence and drought are by no 
means confined to the centers of the anticyclonic cells, for these same 
characteristics extend out onto the equalorward slopes of the highs 
into the trade winds. Ordinarily the dry climates do not extend to the 
eastern margins of the continents, humid climates characteristically 
taking their places on these more windward margins. Here lh<‘ sub¬ 
tropical highs are less well develo})ed and subsidence not consj)icuous. 
Tropical hurricanes add to the rainfall of some f)f these east coasts. 
Along west coasts in these latitudes, on the other hand, dry climates 
extend down to the sea margins and even far beyond over the oceans 
(Plate II). Here to the drought-producing effects of strong anticyclonic 
control are added those of cool ocean currents which character¬ 
istically parallel tropical west coasts. These cool ocean currents tend 
to intensify the aridity and frequently cause steppe and desert con¬ 
ditions to be carried 5 to farther <‘quatorward than normal. It 
appears to be a general rule, then, that humid lro{)ieal climates extend 
unusually far poleward along the eastern (windward) sides of the 
continents (eastern Brazil, eastern Central America, eastern Mada¬ 
gascar), while dry climates are carried equatorward beyond their 
normal latitudes along the w^estern littorals (western Peru, western 
Angola in southwestern Africa). 

3a. Low-latitude Desert {BWh) 

208. The low-latitude deserts probably are the most nearly rainless 
regions on the earth. Next to the deserts of snow and ice on the polar ice 
caps, they are also the most hostile to life. Since they occupy regions of 

the January isotherm of 32° is a much better boundary between the hot and the cold 
dry climates. 

1 In the Kbppen symbols, W « desert (Wiiste); S « steppe; h « hot (heiss), annual 
temperature over 64.4° (18°C.L 
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warm, dry, settling and diverging air currents, conditions are unfavor¬ 
able to the development of convectional showers. This st^me divergence 
is opposed to the development of fronts and cyclonic storms. Too far 
equatorward to be reached by the greatest equatorward advance of 
middle-latitude fronts and cyclones on the poleward side, too far pole- 
ward to be affected by doldrum convection and fronts advancing 
from the low latitudes, and too far interior from eastern littorals to be 
affected by the onshore winds and tlie hurricanes, these low^-latitude 
deserts are outside the realms of the usual rain-bringing winds and 
storms. Some of the extensive low-latitude deserts, particularly Sahara 
and the Australian desert, are important source regions for tropical 
continental air masses. 

PUKCTPTTATION AND HUMIDITY 

209. Annual Rainfall. Although no exact amount of rainfall 
can be accepted as defining the older, or humid, margins of the hot 
deserts (202), the figure usually lies somewhere lietwecn 10 and 20 in. 
Over much of the Sahara precipitation is under 5 in., a condition true, 
as well, of large parts of the other low-latitude deserts, tnz., Kalahari 
in South Africa, Atacania-Feruvian desert in western South America, 
Australian desert, I'har in northwestern Rritish India, and Sonora 
in northwestern Mexico and southwestern United States. At (^airo, 
Egypt, the annual rainfall averages 1.2; at Lima, Peru, 2; William 
Creek, Australia, 5A; Yuma, Ariz., 3.3; and Port Nolloth in south¬ 
western Africa, 2.3 in. In jiarts of northern Chile rain may not fall 
for 5 or 10 years in succession. However, averages are of little value 
in giving a correct impression of desert rainfall, for not only is it small 
in amount, but it is likewise erratic and uncertain in its time of fall. 
Over most of the low-latitude deserts the rainfall variability shows a 
40+ per cent departure from the normal (Fig. 79). It is, therefore, 
almost impossible to speak of a typical rainfall curve, or an average 
aiiniud rainfall, for desert stations. As an illustration: At Iquique in 
northern (^hile, during a period of 4 years, no rain fell. Then on the 
fifth year one .shower gave 0.6 in,, which made the “average'* annual 
rainfall for the 5-year period 0.12 in. On another occasion 2.5 in. of 
rain fell in a single shower. 

210. Uebert Downpours. General, widespread rains are almost 
unknown over large parts of the hot deserts, most of the precipitation 
coming in violent convectional showers which cover no very extensive 
area. Seven single storms brought nearly one-quarter of the total rain 
(30.7 in.) that fell at Helwan in the Egyptian Sahara in the 20-year 
period 1904->1924. These sudden and heavy downpours may be 
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disastrous in their effects, causing more damage than they do good. 
The wadies, entirely without water during most of the year, may be¬ 
come torrents of muddy water filled with much debris after one of 
these flooding rains. Settlements suffer; roads, bridges, and railways 
may be injured; and irrigation systems are often clogged with debris 
after a serious desert flood. Because of the violence of tropical desert 
rains and the sparseness of the vegetation cover, temporary local 
runoff is excessive, and consequently less of the total fall becomes 
effcctiv^e for vegetation or for the crops of the oasis farmer. This 
“dash'’ character of hot-desert showers, plus their local nature 
and their erratic seasonal distribution, makes them of little direct use 
for agriculture, so that no immediate dependence is placed iq)on them 
as a source of water. Much of the precij)itation that reaches the earth 
is quickly evaporated by the hot, dry, desert air, but some sinks in to 
replenish the underground water which a})pears at th(‘ surface in the 
form of springs or artesian flows. On the polcivard margins of h)w- 
latitude deserts there are occasional widespread rains of a less violent 
nature. These are usually associatecl with the fronts of middle-latitude 
cyclones and are largely confined to the low-sun period. 

211. Cloudiness and Sunshine. Skies are })revailingly clear 
in the low-latitude deserts so that sunshine is abumiant. In the Sonora 
desert of the United States and Mexico 15 _t l)er cvnt of the [)ossihle 
sunshine is experienced in winter, and 00 ± per ecmt in tln^ other 
seasons. Over much of the Sahara December and January havt' a 
cloudiness of only 1/10, while from June to October it dro])s to about 
1/30. The pitiless glare of sunlight in the tropical deserts is such an 
essential characteristic of their landsca])es that the occasional dark 
or rainy day, being so unusual, is said to be depressing. Strong surface 
heating, due to the inten.se insolation and the nearly bare ground, must 
give rise to vigorous convectional currents, but the whole mass of air is 
too warm and has too low a relative humidity, to allow these rising air 
currents, except infretjfuently, to reach condensation level and produce 
“thunderheads,” Dark cumulo-nimbus clouds do form occasionally, 
sometimes accompanied by thunder and lightning, luit the streamers 
of rain that can be seen descending from them usually are evaporated 
in the arid atmosphere before they reach the earth. But even though 
the air may be physiologically dry and have unusual evaporating power 
there is usually a moderate amount of moisture in the atmosphere. 
Thus the air at Yuma, Ariz., contains nearly as much moisture in July, 
and double as much in January, as does that at Madison, Wis., in the 
same months although the relative humidity is only two-thirds to 
one-half as great in either season. 
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212. Evaporation^ due to the high temperature and low relative 
humidity, is excessive, often being twenty or more times the precipita¬ 
tion. At Yuma the average evaporation during the hot months is 
55 in., while the average rainfall during the same period is not quite 
1 in. Relative humidities as low as 2 i>er cent, with temperatures of 
over 100°, have been recorded in Uu‘ Egyptian Sahara. It was the 
excessively dry air which allowed tlie Egyj)tiaiis to mummify their 
dead. 


TEMPERATURE 

218. Annual and Diurnal Temperatures. Annual ranges of 
tem})erature in the low-latitude destTts are larger than in any other 
type of climate within the tropics, 20 lo 80° being usual (Fig. 80). 
Aswan, in the Sahara, has mean teinperalures of 01° in January and 
05° in July, resulting in an annual 
range of 84° Such ranges, which 
even exceed those of some middle- 
latitude climates, reflect not only 
the clear skies, bare earth, an<l 
low humidity but also the liigher 
latitudes of the deserts, and their 
somewhat greater extremes of inso¬ 
lation, as compared with most of 
the humid tropics. It should be em¬ 
phasized that it is the excessive 
“summer’' heat, rather than the 
“winter” cold, which leads to the 
marked differences between the sea¬ 
sons. Daily ranges average 25 to 45° 
and in rare instances even reach 
00 or 70°. The same conditions that 
make for relatively large tempera¬ 
ture differences between the extreme 
months are likewise conducive to 
wide differences within the 24 hr. On Dec. 25, 1878, at Bir Milrha, 
south of Tripoli in the Sahara, a minimum temperature of 31° and a 
maximum of 99° were recorded on the same day. 

214. Seasonal Temperatures. During the high-sun period 
scorching, desiccating heat prevails. Ilot-month temperatures average 
between 85 and 95° (Yuma 91°; Timbuktu 94.5°; Nullagine, Australia, 
89.8°), and middaj^ readings of 105 to 110° are common at this season. 
At Yuma, in 1914, the daily maxima exceeded 100° for 80 consecutive 
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Fig. 80,—Average monthly tempera¬ 
tures at a representative station in a 
low-latitude desert. 
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days, except for one day (Fig. 81). At this time of the year, although 
the lower night temperatures are a distinct relief by contrast with 
the days, they are by no means cool. At Phoenix, Ariz., the midsummer 
daily maxima usually exceed lOO’^, and the minima are close to 75 or 
76°. At Azizia, 25 miles south of Tripoli, 136.4° has been recorded, 
this being the highest air temperature in the shade ever registered under 
standard conditions. The highest official air temperature ever recorded 
in the Lnited States is 134°, in Death Valk^y in the (California 
desert. 

During th<‘ period of low sun the days still are warm, with the daily 
maxima usually averaging 60 to 70° and occasionally reaching 80° 
(Fig. 81). Nights are distinctly chilly at this season, with the average 



Fig, si.--D aily maxiiimm and mlnimuin temperatures for the extreme months at a 
representative station,^ a low-latitnde desert. Compare with Figs. 71, 72. 

minima in the neighborhood of 40° ± . Occasional light frosts are experi¬ 
enced in these troj)ical deserts. 

Sun very much controls the weather in tropical deserts so that 
succeeding days are very similar (sec Fig. 81). On their poleward 
margins there are occasional invasions of polar air with associat(‘d 
fronts that bring “spells of weather’’ especially in winter. Figure 81 
showing the daily march of temperature clearly reveals these non- 
diurnal oscillations of the temperature belt. 

Climatic Data for Representative Stations in Low-latitude Deserts 
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The Cool Western Littoiials {BWnY 

215. Tempekatuhe. The usual characteristics of tropical deserts 
— high temperatures, low relative humidity, and little cloud-—are 
modified to a considerable degrees along the littorals (usually western) 
of several of the low-latitude deserts, where cool ocean currents parallel 
the coasts (Fig. 82). The presence of cool currents is especially marked 
along the tlesert coasts of Peru and northern Chile and the Kalahari 
in southwestern Africa, but their influence is also felt along the Atlantic 
coasts of the Moroccan Sahara, Somaliland in eastern Africa, north¬ 
western Mexico, and a niind)er of other places as well. The land margins 
adjacent to the cool waters are themselves unusually cool, with 
terni)eratures 10° or rnon* lower than normal for the latitude. Thus 
Callao, on the Peruvian coast, has an annual tem})erature of only 


T«mp (toy 

1 

> 

i 20 2 

5 a 

0 









vAAAa. 


“aAaAi 


J 



July 



V 

7. MOLLENDO, 

^ERU 





37 




r 



- 


lI_ 


Fig. 82. —Daily maxiiiunn and ininiiiium temperatures for the extreme months at 
a coastal station in a I()\a- latitude desert paralleled by a cool ocean current. Note the 
relatively low temperatures and the small daily ranges. (Cmirtesy of Mark Jefferson and 
the Geographical Revien\) 

67°, and Mollendo 65°, while Bahia on the east coast of Brazil, in a 
similar latitude, averages 77°. The hottest month at Callao is (inly 71° 
(similar to July at Madison, Wis.), while the coldest is 62.5°. This 
annual range of only 8.5° is extraordinarily small for a desert, but it 
in*eds to be emphasized that it is principally the result of the unusually 
cool summer. 

216. Precipitation and P\)o. Rainfall along the.se cool coasts is 
extremely low (2.8 in. at Port Nolloth in southwestern Africa, 1.18 in. 
at Callao), and the drought conditions may extend to within a few 
degrees of the equator. As the cool ocean air drifts in over the warmer 
land its temperature is markedly increased, and its relative humidity 
lowered, so that precijiitation is made less likely (see data, p. 186). 
Peculiarly enough, however, in spite of the fact that precipitation is 
very low, fog and even mist are characteristic phenomena over the 
cool ocean current and the adjacent land margins. The foggiest belt 
is several miles offshore, and the condition is brought to the land by 

' In the Koppen symbol n *= frequent mist and fog (Nebel). 
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winds from the sea. As the cool, foggy air moves in over the warmer 
land, the fog is quickly evaporated and rarely extends far inland. At 
Swakopmund (Southwest Africa) fog is recorded on loO days in the 
year. Sea breezes along these coasts, intensified by the cool ocean water 
offshore, are extraordinarily strong. 

In Peru the heavy fog, or ‘‘wet mist,” is sufficient to make for a 
meager showing of vegetation on the coastal hills. Darwin, in his book 
“The Voyage of the Beagle,” describes these Peruvian mists as follows: 

“A dull lieiivy bank of clouds constantly hung over the land, so that during 
the first sixteen days I had only one view of tlie Cordillera behind Lima. It is 
almost become a proverb tJiat rain never falls in the lower part of Peru. Yet 
this can hardly be considered correct; for during almost every day of our visit 
there was a tliick drizzling mist which was sufficient to make tlie streets muddy 
and one’s clothes damp; this tlie people are pleased to (*all ‘Peruvian dew.’ ” 

Climatic Data fou a Repkesentative Desert Station on a ("ool-water Coast 
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Sb, Low-latitude Steppe (BSh) 

217. Location. It is again necessary to emphasize the fact that 
low-latitude steppe climates characteristically surround the low- 
latitude deserts, except possibly on their western sides (Fig. 69), and 
are, therefore, transition belts between them and the humid climates 
both to the north and to the south. Because they are less at the heart, 
and more on the margins of the dry, settling trojiical air masses associ¬ 
ated with subtropical highs and trades, and are, tluuvfore, one step 
closer to the humid climates than arc the deserts, the steppe lands are 
encroached upon for a short period of the year by rain-bearing winds 
and their associated storms. It is this brief period of seasonal rains 
which causes them, although still a dry climate, to be semiarid rather 
than arid. 


precipitation and humidity 

218. Precipitation Meager and Erratic. Rainfall in the 
steppes, like that in the deserts, is not only meager but also variable 
and undependable (Fig. 79). This characteristic is perhaps even more 
dangerous in the semiarid than in the arid lands, for in the latter 
precipitation is never enough to tempt settlers to make agricultural 
conquest other than at oases, while occasional humid years in the 
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steppe may be sufficiently wet to lure inexperienced persons to attempt 
it. But humid years are invariably followed by dry ones, and with 
these comes disaster to settlers who have ventured too far beyond the 
safety line. Only where irrigation water supplements the normal rain¬ 
fall is agriculture safe, so that the grazing of animals becomes a more 
widespread form of land use. 

2U), Steppes loith Low-sun Rainfall,^ Those belts of steppe lying on the 
poleward sides of tropical deserts, and usually in fairly close proximity to 
Mediterranean climate, have nearly all their rain in the cool seasons. Like 
the Mediterranean climates on whose margins they lie, they receive their 
rain from fronts associated with middle-latitude cyclones which because of 
sun migration characteristically travel more equatorward routes in winter 
than in summer. During most of the year, however, these steppes are 
dominated by dry settling air masses associated with the subtropical anti¬ 
cyclones. Because rainfall is concentrated in the cool season, evaporation is 
less, and consequently tlie small amount that falls is relatively effective for 
plant growth. Moreover variability is not so great as in those steppes having 
a high-sun rainfall maximum. In steppe lands with a low-sun rainfall spells 
of weather associated with the air masses and fronts of passing cyclonic 
storms are not unusual in the winter season. Not only cloud and rainfall, 
but changes in temperature as well, are involved. In spite of winter being 
the rainiest season, it is nevertheless prevailingly sunny, the precipitation 
coming in showers of rather short duration. Occasional gray, overcast days 
wuth rain do occur, however. 


Climatic Data fok a Representative Low-latitude Steppe Station 
WITH Low-sun Rainfall 
lirngasi, Tripoli 
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2^20. Steppes with High-sun RamfalL^ Those tropical steppe lands lying 
on the equatorward margins of the deserts, and therefore betw^een them and 
the savannas, arc likely to have a very brief period of relatively heavy rains 
at the time of high sun, when the unstable equatorial air masses are farthest 
poleward. Rainfall periodicity is like that of the savannas except tliat the 
dry season is longer and the total precipitation less. Since the rainfall arrives 
in the hot season less of it is effective for vegetation, and consequently 
these steppes bordering the savannas usually are characterized by a greater 
total rainfall than arc their poleward counterparts described above (219). 
Rainfall variability is also greater. Temperatures are not greatly different 
from those of the adjacent desert. 

^ K5ppen subtype BShs, in which $ stands for summer drought. 

^ Keippen subtype BShw^ in which w stands for winter drought. 
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Climatic Data for a Representath^e Low-latitude Steppe Station 
WITH High-sun Rainfall 
Kayes, French West Africa 

J F M A M J J A S 0 N D Yr. Range 
Temp. 77 81 89 94 96 91 84 82 85 88 77 85 19.2 

Precip. 0.0 0.0 0.0 0.0 0.6 3.9 8.3 8.3 5.6 1.9 0.3 0.2 29.1 

4. Middle-latitude Dry Climates {BWk and BBk)^ 

221. Location. The middle-latitude steppes and destTls are not 
primarily the result of location within particular wind belts or along 
eool-water coasts, as are those of low latitudes. Dry climates in the 
middle latitudes usually arc^ found in the d(‘(‘p interiors of the great 
continents, far from tlie oceans, which arc* tin* principal sourcavs of 
th(' atmosphere's water v^apor (Fig. 60, Platt* V). Asia, the greatest 
land mass in middle latitudes, has the largest area of dry climates, 
and North America is iiext in ordtT. Further intensifying the aridity 
of these deep interiors is the fact that they are largely surrounded 
by mountain barriers that block the entrance of humitl inaritinu* air 
masses. Where high mountains closely parallel a coast as in western 
North America, arid climates ap])roaeh close to tin sea. 

Although tropical deserts characteristically extend down to the 
ocean margins on the leeward (western) sides of contiin'nts, the leeward 
(eastern) sides of land masses in the westerlies are far from dry. Wit¬ 
ness, for example, eastern North America and Asia. This sln‘fting 
of middle-latitude dry climates interior from the leeward coasts is 
associated with the presence* of monsoons and cyclonic storms along 
the eastern sides of land mas.ses in the westerlies. Owing to an unusual 
combination of circumstances, dry climates do reach tin* east (a)ast in 
Patagonia (Argentina), but this is the exception. There the land 
mass is so narrow^ that all of it lies in the rain shadow of the Andes, 
where descending currents make for drought conditions. This same 
small land mass precludes monsoon develoj)ment. The cool Falkland 
Current lying offshore likewise induces aridity, while the principal 
frontal zones are to the north and south of the area in (question. 
Moreover, those storms that do cross the high Andes temporarily are 
so disrupted that they are unable to bring much rain to the Patagonian 
uplands. With the exception of South America, none of the other 
Southern Hemisphere continents extends into sufficiently high lati¬ 
tudes to permit the development of very extensive middle-latitude 
steppes and deserts. 

^ In the Koppen symbol k ~ cold {halt): average annual temperature below 64.4"" 
(18°C.). 
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%%%, Temperature. Although dry continental climates of middle 
latitudes duplicate the arid and semiarid climates of the tropics in 
their meager and undependable rainfall, they differ from tljem in 
having a season of severe cold, which is of course absent in the low 
latitudes (Fig. 83). On the other hand, they are like the humid con¬ 
tinental climates of comparable latitudes in their temperature and 
weather characteristics, but they are unlike them in that they receive 
less rainfall. 

The interior locations of most middle-latitude dry climates assure 
them of having relatively severe seasonal temperatures and conse¬ 
quently large annual ranges. Because they have sueh a wide latitudinal 
spread (15 or 20° in both North America and Asia) it is difficult to speak 
of typical temperature conditions, for they are very different on their 
equatorward and poleward margins. Yet for any given latitude 
temperatures are severe. Summers are inclined to be warm or even hot, 
and winters are corresjxindingly cold. Tehran, Iran, at 36°N. ranges 
from 34° in January to 85° in July, whereas for Urga, Mongolia, at 
48°N. the comparable figures are —16 and 63°. Diurnal ranges are 
inclined to be large and for the same reasons as noted in the discussion 
on tro])ical steppes and deserts (Figs. 83, 84). 

223. Precipitation. Locational reasons for the aridity of 
middle-latitude dry climates have been given in Art. 221. An additional 
reason for winter drought in these regions is the well-developed winter 
anticyclones that cover all but their subtropical margins. In winter, 
therefore, they become source regions for dry, cold, contimuital air 
masses. Unlike the dry climates of the tropics, those of middle latitudes 
receive a portion of their precipitation in the form of snow, although 
the amount is characteristically small, and the winter snow cover is 
not deep. 

Seasonal Distribution, It is not easy to generalize concerning 
seasonal distribution of precipitation in the dry climates of middle 
latitudes. In the more interior and continental locations, however, 
summer is usually the period of maximum precipitation (see data for 
Urga and Williston). This is related to the higher temperatures, 
greater absolute humidi’.y, and inblowing system of rnonsoonal winds 
in summer. Most of interior Asia, and the Great Plains region of the 
United States, are dry lands with a distinct summer maximum in their 
precipitation curves. Urga, Mongolia, for example, receives 84 per cent 
of its 7.6 in. of rainfall in the three summer months. 

On the other hand, those dry climates which occupy subtropical 
latitudes and lie on the interior margins of Mediterranean climate, 
are likely to have dry summers and wetter winters (see data for Fallon, 
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Nev., and Quetta, Baluchistan). This is the typical Mediterranean 
regime of rainfall and is particularly characteristic of west margins 
of continents in the lower middle latitudes. The dry lands of south¬ 
western Asia—Anatolia, Iran, Mesopotamia—most perfectly represent 
this subtropical type with winter precipitation. In the Great Basin 
of the United States it is present in less ideal form (see climatic data, 
p. 191). 

224. The Weather Element. The weather element in middle- 
latitude dry climates is much stronger than it is in those of the tropics 
(Fig. 84). This is to be expended, because the middle latitudes arc 
open to invasion by air masses from both the tropics and the polar 
regions, and cyclones and fronts are therefore better developed. Over 
larger parts of the middle-latitude dry climates, where the winter con¬ 
tinental anticyclones are strong, weather of that season is inclined to be 
clear, cold, and relatively calm. The occasional passage of well-devel¬ 
oped fronts may be accompanied by strong winds and snow. On the 
North American Plains this weather type is the famous blizzard. Low 
temperatures, high wind velocity, and blinding wind-driven snow make 
such storms dangerous to human beings as well as to livestock. Sum¬ 
mers are hot and windy, but the irregular weather changes associated 
with cyclones and their fronts are less striking. 

4a. Middle-latitude Deserts (BWk)^ 

225. Because of their generally lower temperature, and therefore 
reduced evaporation rate, the humid boundaries of the middle-latitude 
deserts have lower rainfalls than those of tropical deserts. This does 
not mean that they are necessarily more arid. In fact the opposite is 
probably true, for some precipitation, no doubt, falls in middle-latitude 
deserts every year, so that they are not so completely rainless as are 
certain of their tropical counterparts. Characteristically, this subtype 
of the middle-latitude dry climates occupies the low-altitude basinlike 
areas in the continental interiors. Tarim, the Gobi, Dzungaria, Russian 
Turkistan, and central Iran are all of them surrounded, in part at 
least, by highland rims. Such is likewise the case with the principal 
desert area in the United States, where it practically coincides with 
the Great Basin. As a result, these are regions of rain shadow with 
descending currents, so that excessive aridity is developed. A further 
consequence of enclosure, when combined with low elevation, is the 
excessively high summer temperatures, with warm-month averages 
in some instances even approaching those of tropical deserts. At 
Lukchun, in the Turf an depression of Central Asia, the July average 
is 90®, while the daily maxima for that month often rise to 110® and 

^ See footnote on p. 188 for interpretation of symbol. 
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raore, although this is an extreme case. At this same station, where 
118® has been recorded, the January mean is only 13®. 

Patagonia, in the Argentine, does not correspond in some respects 
to the description given above for middle-latitude deserts. Being a 
narrow land mass, with cool waters offshore, temperatures are more 
marine than continental, summer temperatures being unusually low. 
Winters are likewise mild, considering the latitude. Thus Santa Cruz 
at 50®S. has a January (hottest month) temperature of only 59®, 
while July is 35®. 

Climatic Data fou Representative Stations in Middle-latitudi; 

Deserts 

Santa Cruz, Argentina 
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46. Middle-latitude Steppes (BSk) 

^26. Middle-latitude stepjies, like their counterparts the semiarid 
lands of the tropics, occupy transi¬ 
tional, or intermediate, positions 
between deserts and the humid 
climates (Figs. 83, 84). The general 
characteristics of these continental 
steppes have already been analyzed. 

Because of the greater precipitation 
than in deserts, the steppes are 
somewhat better fitted for human 
settlement, but this, together with 
the unreliable nature of the rainfall, 
also makes them regions of greater 
economic catastrophe (Figs. 79, 

85). A succession of humid years 
may tempt settlers to push the agri¬ 
cultural frontier toward the desert, 
but here also drought years are sure 
to follow, with consequent crop 
failure and ensuing disaster. Over a 
considerable part of the American semiarid country, in 30 to 40 per 



Fio. 83.—Average monthly tempera 
lures and precipitation for a middle- 
latitude steppe station. 
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Fig. 84. —Daily inaximum and minimum temperatures for the extreme months at 
a representative iniddl(‘-latit ude steppe station. {Courtesy of Mark Jefferson and the 
Geographical Review.) 



Fig, 85. — Fluctuations in the boundary separating dry and humid climates, over a 
period of five years, for the region between the Mississippi River and the Rocky Moun¬ 
tains. (After H. M. Kendall.) 
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cent of the years, rainfall is less than 85 per cent of the average. 
During the period 1871-1020, at Ogden, Utah, whose average annual 
precipitation is 15.2 in,, there was one year with rainfall as high as 25 
in. and another as low as 6.5. 

A unique feature of the North American steppe lands east of the 
Rocky Mountains, from Alberta to Colorado, is the frequency and 
strength of chinook winds. Rapid changes in temperature over short 
periods of time and large variations in the mean winter temperatures 
of different years are the result. 

Climatic Data for Representative Stations in Middle-latitude 

Steppes 
Williitton, N. D. 
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Urga^ Mongolia (3,800 Ft.) 
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Chapter IX. The Humid 
Mesothermah Climates (C) 


227. Lacking the constant heat of the tfopics and the constant 
cold of the polar caps, middle-latitude climates are characterized by a. 
very definite seasonal rhythm in temperature conditions. Thus tem¬ 
perature becomes coequal with rainfall in determining the various 
types of middle-latitude climates. In the tropics seasons are designated 
as wet and dry; in the middle latitudes they are called winter and 
summer, and the dormant season for plant growth is one of low 
temperatures rather than drought. In the intermediate zones the 
changeableness of the weather.is a striking characteristic. This results 
from the fact that the middle latitudes are the natural region of conflict 
for contrasting air masses expelled from the tropical and polar source 
regions. Fronts are therefore numerous, and large numbers of cyclones 
and anticyclones travel across these intermediate latitudes. The 
science of weather forecasting is best developed and most useful in 
the intermediate zones where irregular and nonperiodic weather 
changes are the rule. 

In general, the mesothermal climates lie cither on the equator- 
ward margins of the middle latitudes or else in marine locations farther 
poleward. Both of the subtropical types are intermediate in position, 
and character between the tropical climates on their equatorward sides 
and the more severe ones interior and poleward. Only one of the three 
mesothermal climates, the marine west-coast type, extends into the 
higher middle latitudes, and this is possible because it characteristically 
lies along the windward sides of the continents where the westerlies 
bring oceanic conditions onshore (Fig. 69). 

5. Mediterranean or Dry-summer Subtropical Climate (CsY 

228. General Features. In its simplest form this climate is 
characterized by three principal features: (a) a concentration of the 

^ MesO", from Gr. M^sosy middle. Mesothermal, therefore, refers to “middle,** or 
moderate, temperatures. 

* In the Kdppen symbol, a « dry season in summer of the respective hemisphere. 
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modest amount of precipitation in the winter season, summers being 
nearly or completely dry; (6) warm to hot summers and unusually 
mild winters; and (c) a high percentage of the possible sunshine for 
the year and especially in summer. Quite deservedly this climate 
with its bright, sunny weather, blue skies, few rainy days, and mild 
winters, and its usual association with abundant flowers and fruit, has 
ac{piired a glamorous reputation. It has the unique distinction of being 
the only one of the earth's humid climates having drought in summer 
with a strong rainfall maximum in winter. The Mediterranean type is 
strongly marked in its climatic characteristics, these being duplicated 
with notable similarity in the five regions where it occurs, riz., the 
borderlands of the Mediterranean Sea, central and coastal southern 
(California, central Chile, the southern tip of South Africa, and parts 
of southern Australia. 

^29. Location. Mediterranean climates characteristically are 
located on the tropical margins of the middle latitudes (lats. 30-40°) 
along the western sides of continents. Lying thus on the poleward 
slopes of the subtropical highs, they are intermediate in location 
between the dry centers of those anticyclonic cells on the one hand, 
and the rain bringing fronts and cyclones of the westerlies on the other. 
With the north-south shifting of wind belts during the course of the 
year, these Mediterranean latitudes at one season are joined to the 
dry tropics, and at the other season to the humid middle latitudes. 
Tropical constancy, therefore, characterizes them in summer, and 
middle-latitude changeability in winter. Emphatically, this is a 
transition type between the low-latitude steppes and deserts and 
the cool, humid, marine west-coast climates farther poleward. 

As previously stated, Mediterranean climates are usually confined 
to the western sides of continents, roughly between latitudes 30 and 
40° (Fig. 69, Plate V). In both central Chile and California, mountains 
terminate the type abruptly on the land side, steppe and desert 
prevailing interior from the mountains. In South Africa and south¬ 
western Australia the farthest poleward extent of these continents 
carries them barely to Mediterranean latitudes, so that the dry- 
summer subtropical climates occupy southern and southwestern 
extremities rather than distinctly west-coast locations. Only in the 
region of the Mediterranean Basin, which is an important route of 
winter cyclones, does this type of climate extend far inland, perhaps 
for 2,000 miles or more, the extensive development there being responsi¬ 
ble for the climate’s name. It is the relative warmth of the Mediter¬ 
ranean Sea in winter, and the resulting low-pressure trough coincident 
with it, that makes the Mediterranean Basin a region of air-mass 
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convergence with a resulting development of fronts and cyclones (Fig. 
61). Interiors and eastern margins of continents, with their tendencies 
toward monsoon systems, are not conducive to the development of 
_ Mediterranean climates, more espe- 



Fig. 86. —Average monthly tempera¬ 
tures and precipitation for a representa¬ 
tive station with Mediterranean climate. 


climates, e.xcept i)ossil)ly the low 
231. Marine Locations {Cd 


cially their characteristic rainfall 
regime. 

Temperature 

230. Mild Winters. Loth be¬ 
cause of its latitudinal loeatiori 
and because of its characteristic 
position on the continents, Medi¬ 
terranean climate is assured of a 
temjieraturc regime in which cold 
weather is largely absent (Fig. 86). 
Usually the winter months have 
averag(‘ temperatures of between 40 
and 50°, and the summer months 
between 70 and 80°, so that mean 
annual ranges of 20 to 30°+ arc 
common. These are relatively small 
for the middle latitudes but are 
larger than those of most trojiical 
latitude stepjies and deserts. 

).^ Littoral locations are likely to 


have somewhat modified Mediterranean conditions. Summers are 


unusually cool, owing partly to 
the general marine location, 
but this condition many times 
is accentuated by the cool 
ocean currents offshore (Fig. 
87; see data for Santa Monica, 
p. 199). Thus Mogador, on the 
Atlantic coast of Morocco, has 
a hot-month temperature of 
only 68.5°, while San Francisco 
records only 59.2°, and Valpa- 
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Fig. 87. —Daily maximum and minimum 
temperatures for the extreme months at a 
representative dry-summer subtropical sta¬ 
tion with coastal location in Chile (Csh), 
{(jourtemj of Mark Jefferson and the Geo- 
graphical Retneiv.) 


raiso, Chile, 66°. Fogs are frequent, as they are along the desert coasts 


1 In the Kdppen symbols Csb and Csa^ letter h indicates cool summers with the 
temperature of the warmest month under 71.6° (22°C.) but with at least 4 months 
over 50° (10°C.). The letter a indicates hot summers with the temperature of the 
warmest month over 71.6° (22°C.). 
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somewhat farther equatorward. Winters are unusually mild, frost being 
practically unknown. Thus the average cool-month temperature at 
Valparaiso, Chile, is 55°; Perth, Australia, 55°; and San Francisco 
49.9°. In such marine locations the annual temperature range Is 
uncommonly small, approximately 9° at San Francisco and 11° at 
Valparaiso. Daily ranges are likewise small (Fig. 88). 

^2. Intekioh Locations (C\m)J Interior from the coast a short 
distance, however, Mediterra¬ 
nean climate has a more con¬ 
tinental temperature regime 
(see data for Red Bluff, p. 199). 

Winters, of course, are still 
mild, for the latitude is dis¬ 
tinctly subtropical, and in most 
regions mountains or bodies of 
water protect against severe Fig. 88 . -Dally maximum and minimum 
importations of low tempera- t^”^P^‘ratures for the exlrenu? months at a 
- 1 • 1 representative dry-summer subtropical sta¬ 
tures trorn higher latitudes, located interior from tlie coast in Chile 

Redlands, an interior station in (fV/). {Conrivsy of Mark Jefferson and the 
California, has a January tern- ^>*^oyrap}ncal Review.) 
perature of 50.9°, which is only slightly cooler than coastal stations in 
similar latitude's. Summers, however, are distinctly hotter than marine 
locations (July at Redlands 76.8°; Santa Monica, on the coast, 65.9°) 
so that annual ranges may be 15 ±° greater. 

238. Summer Temperatures. Except along coasts, summer 
temperatures in Mediterranean climates have many resemblances to 
those of tropical ste])pes and deserts slightly farther ecpiatorward. 
Thus, Red Bluff in the Sacramento Valley has a July temperature of 
81.5°, which is distinctly tropical in nature and approximately 16° 
higher than the July average at Santa Monica, Calif., farther south but 
situated on a cool-water coast. Stations in Mediterranean Europe 
have average hot-month temperatures approximating 75°; those of 
North Africa are in the neighborhood of 80°. Summer days, quite 
obviously, are likely to be excessively warm (Figs. 88, 89). On the other 
hand, they are not sultry, for relative humidity is low. Dry heat like 
that of the steppes and deserts is the rule, and oppressive, muggy 
weather is almost unknown. The averages of the daily maxima of 
cities in the Great Valley of California are usually between 85 and 
95° + . Sacramento in 1931 had 27 days in July and 16 days in August 
with maxima over 90°; while the respective figures for Red Bluff were 
30 and 30 days. Sacramento has recorded a temperature as high as 
^ For an interpretation of the Koppen symbols see footnote on p. 196. 
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114°, and Red Bluff 115°. The clear skies, dry atmosphere, and nearly 
vertical sun are ideal for rapid and strong diurnal heating. 

However, these same conditions that give rise to high midday 
temperatures with a blazing sun are at the same time conducive to 
rapid nocturnal cooling, so that there is marked contrast between day 
and night. This feature is typical of most dry climates. At Sacramento, 
in the Great Valley, hot, clear, summer days, with afternoon tempera¬ 
tures of 85 to 95°, are followed by nights when the thermometer sinks 
to between 55 and 60°. The daily range for this same city in July, 
1931, was 36.6°, a figure thoroughly characteristic of deserts. The 
relatively cool nights, following hot glaring days, are much appreciated 
by the inhabitants of Mediterranean climates (Figs. 88, 89). A light 
overcoat may feel distinctly comfortable when motoring on a summer 



Fig. 89. —Daily maximum and minimum temperatures for tlie extreme months 
at a representative dry-summer subtropical station located interior from the coast in 
California (Cm). 

night. One 24-hr. period is much like another in summer, for sun is in 
control. 

234. Winter Temperatures. It is for the characteristically mild 
bright winters, with delightful living temperatures, that Mediterranean 
climates are justly famed. Peoples of the higher latitudes seek them 
oiit as winter playgrounds and health resorts. Even interior locations 
have average cold-month temperatures 10 to 20° above freezing. Thus 
Sacramento has an average January temperature of 46°, Marseille 
43°, and Rome 44°. In southern California, in January, midday tem¬ 
peratures rise to between 55 and 65° and at night drop to 40° ± 
(Figs. 87, 88, 89). 

The growing season is not quite the whole year, for frosts occa¬ 
sionally do occur during the three winter months. To say that the grow¬ 
ing season is 9 ± months does not, however, adequately describe the 
situation, for while freezing temperatures are by no means unknown 
during mid-winter months, they occur on only relatively few nights. 
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and rarely are they severe. During a period of 41 years at Los Angeles, 
there were 28 in which no killing frost occurred, or, in other words, the 
growing season was 12 months in length. In 1931 at Red BlufiF, Calif., 
there were 10 nights, and at Sacramento 7, when the temperature 
dropped below 32®. The lowest temperature ever recorded at Los 
Angeles is 28®, at Napoli (Naples) 30®, and at Sacramento 19®. Even on 
the very occasional nights when temperatures do slip a few degrees 
below freezing, the following day sees them well above 32® again. 
Never does the thermometer stay below the freezing point for the 

Temperatukes for Selected Mediterranean Cities 
(Kendrew) ^ 

Av. Annual Absolute Av. Annual Absolute 
Minimum Minimum Maximum Maximum, 
Valencia 31 19 99 109 

Napoli (Naples) 30 24 94 99 

Atlienai (Athens) 29 20 100 105 

entire day. Such frosts as do occur are usually the result of local 
surface cooling, following an importation of polar air, the low tempera¬ 
tures being confined to a shallow layer of surface atmosphere and 
particularly to depressions in which the cool dense air has collected. 
For this reason such sensitive crojLS as citrus are characteristically 
planted on slopes. Occasionally fires must be lighted among the citrus 
trees in order to prevent serious damage from freezing. Upon first 
thought it may seem odd that in Mediterranean climates, where frosts 
are neither frequent nor severe, unusual losses should result from low 
temperatures. But it is this infrequency and the small degree of frost 
that make it so treacherous, since the mild winters tempt farmers to 
grow types of crops, such as out-of-season vegetables and citrus, that 
are particularly sensitive to cold. 



Climatic 

J F 

Data for Representative Mediterranean Stations 
Red Bluffy Calif. {Interior) 

M A M J J A S 0 N D Yr. 

Range 

Temp. 

45 

50 

54 

59 

67 75 82 80 73 64 

54 

46 

62.3 

36.3 

Precip. 

4.6 

3.9 

3.2 

1.7 

1.1 0.5 0.0 0.1 0.8 1.3 

2.9 

4.3 

24.3 


Temp. 

53 

53 

55 

58 

Santa MonicUy Calif. {Coast) 

60 63 66 66 65 62 

58 

55 

59.5 

13.6 

Precip. 

3.5 

3.0 

2.9 

0.5 

0.5 0.0 0.0 0.0 0.1 0.6 

1.4 

2.3 

14.78 


Temp. 

74 

74 

71 

67 

Perth, Australia {Coast) 

61 57 55 56 58 61 

66 

71 

64 

19 

Precip. 

0.3 

0.5 

0.7 

1.6 

4.9 6.9 6.5 5.7 3.3 2.1 

0.8 

0.6 

33.9 



' “The Climates of the Continents/’ p. 246, University Press, Oxford, 1927. 
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Precipitation 

235. Amount and Distribution. Rainfall is generally less than 
moderate, 15 to 25 in. being a fair average. More characteristic than 
the amount of rain, however, is its distribution over the year, for there 
is a pronounced maximum during the cooler months, summer being 
nearly, if not absolutely, dry (Fig. 86). Jf the relatively modest amount 
of rain typical of Mediterranean climate fell during the hot summers 
when evaporation is high, semiarid conditions would b(‘ the result. 
But coming as it (lo(\s in the cooler seasons, much less is evaporat<‘d, 
and more, therefore, is available for vegetation. As a result, Mediter¬ 
ranean climate is more correctly described as subhumid than as 
semiarid. The name dru-summer subtropical is usefui, therefore', in 
distinguishing this climate from its wetter counterpart, the humid 
subtropical climate located on the eastern sides of continents in similar 
latitudes. 

Seventy-eight per cent of Los Angeles’ precipitation falls during th<.‘ 
period December to March inclusive, and less than 2 per cent during 
June to Si'ptcmber inclusive. The rainfall regime, therefore, is alter¬ 
nately that of the desc'rts in summer and of the cyclonic westerlies 
in winter when rain is relatively abundant. This s(‘asonal alternation 
of drought and rain results from a latitudinal shifting of wind and rain 
belts with the sun’s rays, polewar<l in summer, bringing Mediterranean 
latitudes under the influence of drought-producing controls (subsiding 
air in the subtropical highs, or onshore winds from over cool ocean 
currents), and equatorward in winter when the westerlies with their 
rain-bringing cyclones prevail. Rainfall therefore is chiefly of frontal 
origin. 

Lying as they do between steppe and desert on their equatorward 
sides and the rainy marine west-coast climate farther poleward, 
Mediterranean climates show a gradual increase in rainfall from their 
equatorward to their poleward margins. This is well illustrated by 
three California cities, arranged in order from south to north. San 
Diego, farthest south, has only 9.6 in. of rain, Los Angeles 15.6 in., and 
San Francisco 23.3 in. Precipitation also tends to increase from the 
interiors toward the coasts, except where elevations may modify the 
rule. A snow cover is absent at low elevations, and even snowfall is 
rare. Over Mediterranean central and southern California (excluding 
the mountains) annual snowfall averages less than 1 in., and there is 
none at all along the coast from San Luis Obispo southward. In all 
Mediterranean regions snow is so rare that it is a matter for comment 
when it does fall. 
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256. Winter Rainfall and Cloudiness. But although winter 
is the rainy season, it is by no means dismal and gloomy as are the 
west-coast regions farther poleward at that season. Since Mediter¬ 
ranean latitudes usually are on the equatorward sides of the vstorm 
centers, and far removed from most of them, they experience a less 
persist(*nt cloud cover, and sunshine is abundant even in winter. To 
be sure, winters arc considerably cloudier than summers, but still 
they are bright and sunny. In interior Mediterranean California, mid¬ 
summer months have over 90 per cent of the possible sunsliine, but in 
winter this is reduced to 50 per cent or less, although farther south 
in the vicinity of Los Angeles it reaches 60 to 70+ per cent. Dull gray 
(lays with persistent long-continued rain are by no means rare, but 
showery conditions with a broken sky are more common. After the 
rain the sun seems to shine more brilliantly than ever in the washed 
and dust-free atmosphere. 

237. Summer Drought and Sunshine. Summers in the dry- 
summer subtropics are periods of brilliant sunshine, extremely meager 
precipitation, nearly cloudless skies, and desertlike relative humidity. 
Thus Sacramento has no rain at all in July and August, and in those 
months th(‘ percentage of the possible sunshine received is 95 and 
96 respectively. Afternoon relative humidity is in the neighborhood 
of only 30 to 40 per cent. Los Angedes has, on the averages only one 
rainy day during the three summer months; San Bernardino has two; 
and Red Bluff three. The low rainfall, dry heat, abundant sunshine, 
and excessive evaporation, characteristic of interior Me^diterranean 
summers, are ideal for out-of-doors drying of fruits on a large scale. 
In spite of the summer heat thunderstorms are rare, excejit possibly 
in the mountains or hills, t wo to four a year being the usual number 
in southern California. The dry .settling air of tlK\se regions in summer 
or the onshore winds from over cool ocean currents are scarcely con¬ 
ducive to the formation of cumulus clouds. 

Coastal regions, especially if paralleled by cool ocean currents, are 
characterized by high relative* humidity and much fog. Rarely does 
it remain foggy for the entire day, the mists usually being burned off 
by the ascending sun after 9:00 or 10:00 a.m. Nights, however, may 
be damp and unpleasant. The coast of (California is one of the foggiest 
areas in the United States, parts of the littoral having 40+ days with 
dense fog per year. These coastal sections with their cool, humid, and 
less sunny summers are really a subtype of general Mediterranean 
climate. 

238. Dependability of Precipitation. Like most subhumid 
climates, this one suffers from a rainfall that is none too reliable, 
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although it fluctuates less than a summer-maximum regime having 
the same amount (Fig. 79). At San Bernardino, Calif., where the 
annual rainfall averages 16.06 in., during a 48-year period it has been 
as low as 5.46 and as high as 37.08. In 5 of the 48 years it has been 
below 10 in. The somewhat precarious, as well as subhumid, character 
of the precipitation compels a relatively great dependence upon 
irrigation. 

Seasonal Weather 

239. Summer. Daily weather is less fickle in the subtropical 
climates than it is farther poleward, where moving cyclones and anti¬ 
cyclones are more numerous and better developed. A typical summer 
day in the Mediterranean type is almost a replica of one in a low- 
latitude desert. Moreover, one day is much like another. Drought, 
brilliant sunshine, low relative humidity, high daytime temperatures, 
and marked nocturnal cooling are repeated day after day with only 
minor variations. Along seacoasts, and for a short distance inland, 
the daily sea breeze is often a marked phenomenon, greatly meliorating 
the desert heat. Regions with Mediterranean climates are famous for 
their well-developed sea bre^ezes, the cool water offshore and the exces¬ 
sive heating of the dry land under intense insolation providing ideal 
conditions for strong daytime indrafts of air. 

In autumn winds become less regular and uniform. As the cych>nic 
belt creeps equatorward, following the sun’s rays, an occasional 
low with its associated cloud cover and rain makes itself felt. The 
dry and dusty land begins to assume new life under the influence 
of increasing precipitation. Temperatures are still relatively high. 
As sun control loses something of its summer dominance, daily wea¬ 
ther becomes more uncertain, and “spells of weather” become more 
frequent. 

Winter witnesses an increase in the frequency and strength of 
cyclones, and it is in that season that irregular, nonperiodic weather 
changes are most marked. Rainy days, brought by lows the centers of 
which are often well poleward from Mediterranean latitudes, are 
sandwiched in between delightfully sunny ones, in which the days 
are comfortably mild, even though the nights may be chilly with 
occasional frosts. 

Spring is a delightful season of the Mediterranean year: fresh and 
yet warm. On the whole it is cooler than autumn. This is the harvest 
period for many grains. Passing cyclones gradually become fewer 
as summer approaches, but nonperiodic weather changes are still 
significant. 
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6. Humid Subtropical Climate (C/a, Cwa) ^ 

240. Three principal differences distinguish the humid subtropical 
from the dry-summer subtropical climates: (a) The former is charac¬ 
teristically located on the eastern rather than on the western sides of 
continents; (6) it has a more abundant precipitation; and (c) this 
precipitation is either well distribute<l throughout the year or else 
concentrated in the warm season. Even where the warm-season 
maximum is not emphatic, summer is still humid and usually has 
adequate rainfall for crops. 

241. Location. In latitudinal position the two subtropical 
climates are similar, both of them being on the equatorward margins 
of the intermediate zones but with the wet phase extending somewhat 
farther equatorward. Characteristically it extends from latitude 
25° ±, poleward to 35 or 40° (Fig. 69, Plate V). 

Since they are in similar latitudes, one might reasonably expect 
these two subtropical climates to experience a similar rainfall regime. 
It is chiefly the tendency toward a monsoon system of winds on the 
more continental leeward sides of middle-latitude land masses that 
there interferes with a normal latitudinal shifting of wind and storm 
belts, such as takes place along subtropical western littorals. The 
western, or windward, side of a continent in middle latitudes is too 
marine in character to create a genuine monsoon. Where land masses 
are large, and consequently seasonal differences in temperature com¬ 
paratively great, as in Asia and North America, monsoon tendencies 
are relatively well developed. The stronger the monsoon tendency 
the greater the concentration of precipitation in the warm season. 

Since warm ocean currents parallel the subtropical eastern coasts, 
while cool waters are more common along western littorals in similar 
latitudes, there is additional reason for the former having more 
abundant rainfall, especially in summer. 

Lying as they do on the equatorward margins of the middle lati¬ 
tudes, and just beyond the poleward margins of the tropics, the humid 
subtropical, like the dry-summer subtropical, climate is a transitional 
type. But here the similarity in location ends, for while Mediterranean 
climate is characteristically bordered by low-latitude steppe and desert 
on its equatorward side, humid subtropical climate is terminated by 
humid tropical types, riz., savanna and tropical rainforest. This 
contrast has a marked effect upon the kinds of importations from 

^ In the KOppen symbols, / ~ humid throughout the year; w — dry season in 
winter of the respective hemisphere; and a = temperature of warmest month over 
71.6° («2°C.). 
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the low latitudes in the two types, parching dry heat accompanied by 
dust in the one case, and humid sultry heat in the other. On their 
poleward sides they likewise make contact with contrasting types, for 
while Mediterranean generally merges into the mild rainy marine 
west-coast climate, humid subtropical not infrequently makes contact 
with severe continental climate. This is particularly true of North 

America and Asia, where there are 
extensive land masses in the higher 
middle latitudes. On their land¬ 
ward or western margins humid 
subtropical climates gradually 
merge into dry types characteristic 
of the continental interiors (Fig. 69). 

Tp:MPEIiATUUK 

242. Temperatures like 
Those of the Mediterranean 
Type. In temperature characteris¬ 
tics the humid siibtro[)ics are similar 
to Mediterranean climate but there 
is somewhat less contrast between 
coastal and interior locations (Fig. 

Fig. 90.-Averase monthly tem- similarity is not .mex- 

peratures and precipitation for a pectcd Since the twO types roughly 
representative station in the humid, or correspond in their latitudinal loca- 
wet, subtropics. tions. Because warm, instead of 

cool, ocean currents wash the subtropical eastern coasts of continents, 
there can be no distinctly cool littorals such as are characteristic of 
some Mediterranean coasts. Cool, foggy stations, like San Francisco or 
Mogador, are absent. 

243. Summer. Average hot-month temperatures of 75 to 80° are 
characteristic. Along the immediate coasts, especially of the smaller 
Southern Hemisphere land masses, they are as often below as above 
75°. But everywhere summers are distinctly warm to hot, and this is 
particularly true of North America and Asia. Thus hot-montli tempera¬ 
tures average 81.6° at Charleston, S. C.; 80.4° at Shanghai, China; 
77.1° at Brisbane, Australia; 76.6° at Durban, South Africa; and 73.6° 
at Buenos Aires, Argentina. 

Not only the air temperature, but also the absolute and relative 
humidity are high. The high humidity in conjunction with the high 
temperatures produces a sultry, oppressive condition with low cooling 
power. Sensible temperatures, therefore, are commonly higher in the 
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humid- than the dry-summer subtropics, even when the thermometer 
registers the same. Summer heat in tlie American (iulf States, where 
Tropical Gulf air prevails, closely resembles that of the tropical rain¬ 
forest climate. At New Orleans during June, July, and August the 
average temperatures are 2 to 3^ higher than they are at Belem in the 
Amazon Valley, while the amount of rainfall is nearly the same. In 



Fkj. 91. Daily niaxiiniini and minimum temperatures for the extreme months at a 
representative liumid subtropieal station. Note the ^jreater irregularity in winter, the 
season of maximum storm C’ontrol. 

I he humid subtropics of Japan and China Europe‘ans and .\niericans 
I'reqiKuilly (fiiit their usual places of residence during summer and go 
to high-altitude stations as they do in the genuine tropics. The average 
of the daily maxima in July throughout most of the American cotton 
belt is between 90 and 100"^, while the highest temperatures ever 
observed arc usually between 100 and 110° (Figs. 91, 92, 98). 



Fig. 92.—Daily maximum and minimum temperatures for the extreme months at 
a representative station in the humid subtropics. Note the greater irregularity in winter. 
{Vourivsy of Mark Jeffermn and ihe Geographical Review.) 

244. Night Temperatures. Not only are the days hot an<l sultry, 
but the nights are oppressive as well, the humid atmosphere with 
more cloud preventing the same rapid loss of heat that takes place 
in the drier air and clearer skies of Mediterranean climates*. The sultry 
nights are an additional item of resemblance to the wet tropics. The 
slower night cooling results in relatively small diurnal ranges, usually 
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only one-half to two-thirds as great as those in the dry-summer sub¬ 
tropics (compare Fig. 89 with Figs. 91 and 92). Since the sun is very 
much in control of the daily weather, one day in summer is much like 
another in the humid subtropics. 

245. Winter. Winters are, of course, relatively mild in sub¬ 
tropical latitudes, cool-month temperatures usually averaging between 
40 and 55°. Thus Montgomery, Ala., has an average cool-month 
temperature of 48.6°; Shanghai, China, 37.6°; Buenos Aires, Argentina, 
50.2°; and Sydney, Australia, 52.3°. Annual ranges are usually small, 
although there is considerable variation, depending upon the size 
of the continent and the latitudinal location of the station. At Buenos 
Aires the annual range is only 23.4°, at Sydney 19.3°, but at Mont¬ 
gomery it is 33°, and it is 42.8° at Shanghai. Apparently the larger 
the land mass and the better the development of monsoon winds the 



Fig. 93.—Daily maximum and minimum temperatures for the extreme months at a 
representative humid subtropical station in Argentina. {Courtesy of Mark Jefferson and 
the Geographical Review,) 

colder are the winters and the larger the annual ranges. In eastern 
Asia the strong monsoonal outpouring of cold Polar Continental air 
in winter from the large land mass to the rear results in the lowest 
average winter temperatures in those latitudes for any part of the 
world. 

The midday temperatures in winter are likely to be pleasantly 
warm, the thermometer usually rising to 55 or 60°. On winter nights 
temperatures of 35 to 45° are to be expected. These certainly are not 
low, but combined with a characteristically high humidity they are 
likely to produce a sensible temperature which is distinctly chilly and 
uncomfortable. Summer is so much the dominant season that little 
thought is given to the heating systems in homes, and as a result they 
are likely to be inefficient and ineffective. Consequently one is often 
more uncomfortable indoors than he is in colder regions farther pole- 
ward where*adequate provision is made for winter heating. 

246. Minimum Temperatures and Frost, It is to be expected that 
the growing season, or period between killing frosts, will be long. It is 
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usually at least seven months and from that up to nearly, if not quite, 
the entire year. Even though freezing temperatures may be expected 
during a period of several months, they actually occur on only a 
relatively few nights of the winter season. As in the Mediterranean 
climates, so too in these, the long growing season and infrequent 
severe frosts make them ideal regions for sensitive crops and for those 



Fig. 94. —Weather controls giving rise to killing frosts in the American humid 
subtropics. A well-developed anticyclone advancing from the northwest as a mass of 
Polar Continental air produced minimum temperatures of 20° at New Orleans and 8° at 
Memphis. The isotherm of 20° fairly well parallels the (iulf and South Atlantic Coasts. 
(f7, S. Daily Weather Map^ Feb. 9, 1933, 8 A. M., 

requiring a long maturing period. In sections of the Southern Hemi¬ 
sphere humid subtropics frost does not occur every winter and usually 
is light when it docs come. Thus the average lowest winter temperature 
at Brisbane, Australia, is 37.4°, and at Sydney 39.2°. The lowest tem¬ 
perature ever recorded at Buenos Aires is 23°; at Montevideo, Uruguay, 
20.3°; and at Brisbane, Australia, 32°. 

One of the distinguishing features of the South Atlantic and Gulf 
States of the United States, a region where the average winter tempera¬ 
tures are relatively high, is the unusually loto winter minima, even lower 
than those of China. Thus while southeastern China has lower average 
winter temperatures, the American humid subtropics have severer 
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cold shells and consequently lower minima. Severe killing frosts are of 
annual occurrence, and temperatures as low as 10® have been recorded 
along the ocean margins of all the Gulf States (Fig. 94). No other 
part of the world near sea level in these latitudes experiences such 
low winter minima. This is due to the open nature of the North 
American continent cast of the Rocky Mountains which permits the 
surges of cold Polar Continental air to move rapidly southward into 
subtropical latitudes. In the Mediterranean region of California, 
mountain barriers prevent such severe invasions of cold air, so that 
there the absolute mhuina arc much higher. Thus while commercial 
citrus production extends north to about 38° in California, it is con¬ 
fined to regions south of latitude 30 or 31° in southeastern United 
States. In China the more hilly and mountainous surface configuration 
prevents such unrestricted latitudinal im])ortations of cold air. 

Climatic Data for Representativf Humid Subtropical Stations 

Charle.'ftony S. C. 
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Precipitation 

247. Amount and Distribution. Rainfall is relatively abundant 
(30 to 65 in.) within the humid subtropics, but still there are con¬ 
siderable differences within the several regions. On the landward 
frontiers of this type, where it makes contact with steppe climates, 
rainfall reaches the lowest totals. In general there is no marked drought 
season as there is in the dry-summer subtropics, although summer 
usually has more precipitation than winter. In the Southern Hemi¬ 
sphere where the monsoon tendency is weak the seasonal accent is 
less marked. China, having the best developed monsoons, with the 
fewest cyclonic interruptions in winter, likewise has the greatest 
rainfall contrasts between summer and winter.^ 

248. Warm-season Rainfall. A considerable part of the 
summer rainfall at low elevations originates in convectional storms, 

^ Parts of the Chinese humid subtropics have genuinely dry winters. These are 
Ktippen’s Cw areas. 
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many of them accompanied by thunder and lightning. In fact the 
American humid subtropics are the most thundery part of the United 
States, a large portion of that area having over 60 electrical storms a 
year, while a small part of Florida has over 90. These storms are 
mostly of local origin, resulting from strong surface heating of the 
potentially unstable Tropical Gulf air masses. The normal high 
temperatures and high humidity of the Tg air provide an ideal environ¬ 
ment for vigorous development of local convection. 

In addition to the thunderstorm rain, falling from cumulus clouds, 
a considerable part is also obtained from weak cyclonic storms and, 
in the late summer and early fall, from tropical hurricanes as well. 
In the weak shallow lows rain often falls steadily from gray overcast 
skies and is general over larger areas than is true of thunderstorm 
])recipitation. Hurricane rainfall is largely confined to the American 
and Asiatic humid subtropics, giving parts of both those regions 
late-summer maxima in their precipitation curves. Not ordy are the 
heavy late-surnmer and early-autumn hurricane rains occasionally 
disastrous to ripening crops and the cause of serious floods, but the 
accompanying violent winds may play havoc with coastwise shipping 
and port cities. In the Swatow typhoon of August, 1922, 40,000 
Chinese are estimated to have perished, chiefly by drowning. 

In spite of the abundant summer rninfall characteristic of the 
humid subtropics, sunshine is relatively abundant, alihough much less 
so than is true of summers in Mediterranean climates. Montgomery, 
Ala., receives 73 per cent of the possible sunshine in June and 62 per 
cent in July. 

249. Cool-season Rainfall. In winter the ground is cooler than 
the poleward moving tropical air masses so that the latter are chilled 
at the base and made mure stable. As a consequence local convection is 
unlikely. Only as the tropical maritime air masses are forced to rise 
over relief barriers or over masses of cold air does precijiitation usually 
occur. Winter rainfall over lowlands is chiefly frontal or cyclonic in 
origin. It is, therefore, usually associated with a general and persistent 
cloud cover extending over wide areas, from which precipitation may 
fall steadily during 12 to 36 hr. On the whole it is less violent, but of 
longer duration, than are the summer thundershowers. Because of the 
more numerous cyclones, winters are cloudier than summers. At 
Shanghai, China, in an average January, only 2 in. of rain falls, but 
there are 12 rainy days, whereas the 6 in. of August precipitation fall 
on only 11 days. Each rainy day in August, therefore, accounts 
for three times as much precipitation as a rainy day in January. 
Montgomery, Ala., which has 73 per cent of the possible sunshine in 
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June, receives only 49 per cent in January and 44 per cent in December. 
Gray overcast days with rain are unpleasantly chilly. Snow falls 
occasionally when a vigorous winter cyclone swings well equatorward, 
but it rarely stays on the ground for more than a day or two. On the 
northern margins of the American Gulf States snow falls on 5 to 15 
days a year, and the ground may be covered for an equally long 
period. 

Seasonal Weather 

250. Irregular nonperiodic weather changes are usually less marked 
in the humid subtropics than they are farther poleward, where the con¬ 
flict between air masses is more marked and fronts more numerous. In 
summer when the frontal belt or storm bdt is farthest poleward, and 
the sun is largely in control, irregular weather changes are at a mini¬ 
mum (Figs. 91, 92). Weak cyclones may bring some gray days with 
general widespread rains. Humid, sultry days with frequent thunder¬ 
showers, each day much like the others, are the rule. The thermometer 
rises to about the same height each day and sinks to similar minima 
each night. Late summer and fall are the dreaded hurricane season, 
and, although these storms are not numerous, their severity mon^ than 
makes up for their infrequency. Sunny, autumn days furnish delightful 
weather, although the equatorward advancing cyclonic belt gradually 
produces more gray cloudy days and unseasonable temperature 
importations as winter closes in. In toinier the belt of fronts is farthest 
equatorward, so that irregular weather changes are most frequent and 
extreme at that time. The arrival of tropical air masses may push the 
day temperatures to well above 60 or even whereas the subsequent 
northwest winds of polar origin may reduce the temperature as much 
as 30° within 24 hr., resulting occasionally in severe freezes. Bright, 
sunny, winter days are distinctly pleasant and exhilarating out of 
doors. Spring again sees the retreat of the cyclonic l)elt and the gradual 
reestablishment of regular diurnal sun control. 

7. Marine West-coast Climate {Cfhy 

251. Location. These mild, marine climates characteristically 
occupy positions on the western or windward sides of middle-latitude 
continents, poleward from about 40°, where the onshore westerly winds 
import to them conditions from the oceans (Fig. 69, Plate V). In 
their general atmospheric characteristics, therefore, they are like 
the seas from which the imported air is arriving. Where land areas 
are relatively narrow, as, for instance, in the case of islands, such as 

^ See footnotes on pp. 196 and 203 for interpretation of individual letters in the 
Kdppen symbol. 
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Tasmania, New Zealand, and Great Britain, or where the continent 
extends for only a short distance into the belt of westerlies, as do 
Australia and Africa, marine west-coast climate may not be limited 
to the western littoral. Distinct cast-coast position on large continents 
is unlikely, however (in spite of the proximity of oceans), by reason 
of the severe temperatures resulting from leeward location and the 
monsoon wind systems with associated continental air masses. 

On its equatorward margins this climate characteristically makes 
contact with the Mediterranean type. On its poleward side marine 
west-coast climate extends far into the higher middle latitudes, where 
it is eventually terminated by either the subarctic or the tundra type. 
The far poleward extension of this 
mild climate is the result of a prev¬ 
alence of mild maritime air masses. 

AVarm ocean currents, which par¬ 
allel the west coasts of continents 
ill middle latitudes, tend to accen¬ 
tuate the normal tempering effects 
of the ocean proper. 

The depth to which the marine 
west-coast climates extend into the 
interiors of continents is determined 
largely by surface configuration. 

Where mountains closely paralh'I 
the west coasts, as in North and 
South America and Scandinavia, 
oceanic conditions are confined to 
relatively narrow strips of territory 
seaward from the highlands. But 
where extensive lowlands prevail, 
as in parts of western Europe, the 
effects of the sea are carried well inland. On their land sides marine 
west-coast climates are characteristically bordered by severe con¬ 
tinental types, either dry or humid. 

Tempbkaturb 

252. Summer. Although there are good and sufficient grounds 
for objecting to the use of tlie word ‘temperate” as applied to many 
middle-latitude climates, it is entirely suitable for the particular one 
under discussion (Fig. 95). Summers are moderately cool and, while 
more or less ideal for human efficiency and comfort, are somewhat too 
low for the best growth of many cereal crops. The characteristically coo) 



Fig. 95. —Average monthly tempera¬ 
tures and precipitation for a representa¬ 
tive station in marine west-coast climate. 
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summer should be emphasized as one of the principal contrasts between 
this third of the triumvirate of mild mesothermal climates, on 
the one hand, and the two subtropical types, on the other. Seattle, 
Wash., has a mefin July temperature of only 64“^; Dublin, Ireland, 
60.1°, and Paris 65.5°. Night cooling is not rapid in these 
humid, cloudy, marine climates, (considerably less so than is character¬ 
istic of Mediterranean summers. The average of the daily minima in 



Fig. 96. — Dally iTiaximiim and niininiuin temperatures for the extreme months at a 
representative marine west-coast station, {(■ourfc.st/ of Mark Jefferson and the Geo¬ 
graphical Review,) 

July is only 54.6° at Seattle and 51.4° at Bellingham, W'ash., while the 
daily maxima are 73.1 and 71.6°, respetdively, so that the normal 
diurnal range is in the neighborhood of only 20° (Figs, 96, 97, 98). 
Occasional hot days may occur wdien the effects of a tropical con¬ 
tinental air mass are felt. Under such conditions both Seatth' and 
Bellingham have (‘xperienced a lemperaiure as high as 96°, and Paris 
100°. Severe and prolonged hot waves, however, ar(‘ very few (see 
temperature data, p. 215). 



Fig. 97.—Daily maximum and minimum temperatures for the extreme months at a 
representative marine west-coast station. 

253. Winter, Winters, on the whole, are more abnormally 
mild for the latitude than the summers are cool. This*is particularly 
the case with western Europe, where a great mass of warm water, 
known as the North Atlantic Drift, lies offshore. Thus the most 
marine parts of western Europe are 20 to 30° too warm for their 
latitudes in January. In winter isotherms tend to parallel these coasts 
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rather than follow the lines of latitude, indicating the dominance of 
land-and-water control. The decrease in temperature is much more 
rapid from the coast toward tlie interior than it is going poleward. 
Thus Paris is 7° colder in Jan¬ 
uary than Brest, which is 310 
miles nearer the ocean. Janu¬ 
ary averages of 35 to 50° in 
western Europe are matched 
by others of 0 to —40° in the 
continental climales of inte¬ 
rior Asia in similar latitudes. 

254. Winter Minima and 
Frosta. The average cold- 
month temperature at l^on- 
don is 39°; at Seattle, 40°; at 
Vahuilia, Ireland, 45°; and at 
Valdivia, Chile, 40°. Annual 
ranges are small: 14.7° at Valentia, 23° at London, 13.5° at Valdivia, 
and 24° at Seattle. For Seattle the average of the January daily min¬ 
ima is 35.4°, so that on a majority of nights frost is absent. At Paris 
frost occurs on about one-half of the nights in the three winter 
months, whereas in London the tluTxnonieter remains above' the freez¬ 
ing point on more January nights than it goes below. At Seattle the 
thermometer has fallen as low as 3°, and at London to 9°. The pre¬ 
vailingly cloudy skies and humid atmosphere in winter tend to retard 
nocturnal cooling, thereby reducing the diurnal range of temperature 
(Figs. 90, 97, 98). 

Frosts are more frequent, as well as inort* sen^ere, and tin* frost-fre(* 
season is shorter than in Mediterranean climates. Nevertheless the 
growing season is unusually long for the latitude, 180 to 210 days 
being characteristic of the American North Pacific (a>ast region. 
Seattle has only 4 months when temperatures below freezing are to 
be expected. However, winter is usually severe enough to produce 
a dormant season for plant life, whic*h is not true for the dry-summer 
subtropics farther equatorw ard. During unusually cold spells tempera¬ 
tures may remain constantly below freezing for a period of several 
days. Midday temperatures of normal winter days an* relatively high, 
however, the average of the daily maxima for January at Seattle 
being 44.5°, and the daily range less than 10°. On the whole, the day- 
to-day temperature changes are much less regular in winter than in 
summer, the former season being more completely controlled by the 
succession of cyclones and anticyclones. 



Fic. 98.—Dully inaxinium and riiiniinum 
temperatures for the <‘xtreme months at a cool 
marine station in (‘xtreme southern ('liile. The 
average temperature of the Avarmest month at 
Magallanes (Punta Arenas) is alioiit 50”, but 
since its average annual temperature is above 
32” it is s<‘areely g<‘nuine tundra. {Courtesy of 
Mark Jeffersou and the Geoyraphical Heviev'.) 
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255. Cold Spells* Unusual cold spells in these marine climates 
characteristically are caused by importations of cold polar continental 
air from the anticyclonic interiors. But such invasions of polar con¬ 
tinental air are infrequent for they 
are opposed to the general westerly 
air movement of the middle lati¬ 
tudes. The American North Pacific 
Coast is further protected against 
invasions of cold continental air by 
mountain barriers. N ortheasterly, 
and not northwesterly, winds bring 
the coldest weather to the American 
North Pacific Coast and to western 
Europe (Fig. 99). During the unusual 
cold spell in Europe in February, 
1929, the influence of the continental 
high persisted for several weeks. Dur¬ 
ing that spell temp(‘ratures in eastern 
Kent, England, remained continu¬ 
ously below freezing for 22(> hr., the 
Thames was frozen over in many 
parts, and practically the whole of 
the British Isles was frost-bound for 5 weeks (Kendrew). On the conti¬ 
nent at this same time German coastal cities recorded temperatures 
below zero, while the Rhine was frozen throughout almost its entire 
course. 



Fig. 99. —Weather controls suit¬ 
able for producing severe cold in 
w<;stern Europe. Pressure gradient is 
from northeast to southwest so that 
Polar Continental air has spread over 
much of western and central P2urope. 
(After Kendrew,) 


Precipitation 

256. Amount. These are humid climates with adequate rainfall 
at all seasons (Fig. 95), The total amount, however, varies greatly 
from region to region, depending in a large measure upon the character 
of the relief. Where lowlands predominate, as they do in parts of 
western Europe, rainfall is only moderate, usually 20 to 40 in. But, 
on the other hand, where west coasts are elevated and bordered by 
mountain ranges, as is the case in Norway, Chile, and western North 
America, precipitation may be excessive, even reaching such totals as 
100 to 150 in. Compensating for this contrast in amount is a further 
contrast in regional distribution, for where lowlands exist, moderate 
rainfall prevails well into the interior of the continent; but where 
coastal mountains intercept the rain-bearing winds, precipitation is 
confined pretty much to the littoral. East of the mountains drought 
conditions may prevail. There is no doubt that an extensive distribution 
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of moderate rains is economically more desirable than the concentration 
of large and unusable quantities on a mountainous coast. Unfortu- 
natcly, Europe is the only one of the three continents extending well 

Climatic Data for Represkntative Marine AVest-ioast Stations 
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into tlic westerlies where the windward side of the land mass is freely 
open to the entrance of the rain-bearing winds. The precipitation of 
these marine west coasts has a high degree of reliability, and droughts 
are of rare occurrence. 

257. Annual Distribution. With respect to annual distribution 
of precipitation, the thing to be emphasized is adequate rainfall at 
all secusons, rather than a particular season of marked deficiency. 
There is no dormant period for vegetation because of lack of rain. 
In some very marine locations winter may have slightly more precipi¬ 
tation than summer. This condition is most marked along the North 
American Pacific Coast (see data for Seattle) where cool, stable 
Polar Pacific air masses prevail throughout the summer, resulting in a 
greatly reduced rainfall at that season. 

In spite of the fact that winter is characteristically a wet season, 
snowfall is not abundant, temperatures being too high on the lowlands 
for much snow. “Snow is sufficiently rare in most of northwest Europe 
to be a topic of conversation when it lies more than a few days, . . , 
(Kendrew.) Paris has, on the average, 14 snow^y days during the year; 
in the Puget Sound Lowland there are some 10 to 15 such days, and 
the duration of snow cover is approximately the same length. The 
snow that falls is wet and heavy, reflecting the relatively high winter 
temperatures. Upon the ground, it quickly turns to slush, making for 
unpleasant conditions underfoot. Where mountains border these west 
coasts, receiving abundant orographic and cyclonic wdnter precipita¬ 
tion, snowfall is extremely heavy. On the western slopes of the Cascade 
Range 300 to 400 in. of snow falls on the average each year. Snowfall is 
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likewise heavy on the western slopes of the British Columbia Coast 
Ranges, the Scandinavian Highlands, the mountains of southern 
New Zealand, and the southern Andes. In each of these regions the 
mountain snowfields have in the past givtni rise to numerous valley 
glaciers, which in turn have been responsible for the characteristically 
irregular, fiordc'd coasts. 

258. Origin of Precipitation. Over lowlands precipitation is 
chiefly frontal or cyclonic in origin, falling as steady long-continued 
rain, often only drizzh', from a gray, leaden sky. It is in winter that 
these storms reacth tlieir maxiniuin develo})ment, and it is at that time 
()f year that cloudy, rainy days are most numermis. In spite of the fact 
that cycloru's arc' weak(‘r and h\ss numerous in the warm seasons, 
because the absolute humidity is higher, and the entrance of lows 
into the continents is facilitated by lower pressures, summer rain may 
be nearly, if not quite, as great, although it falls in sharper showers on 
fewer days. Thus at London July has IS rainy days with 2.4 in. of 
rain, whereas in January the respective figures are 15 and 1.9. Sum¬ 
mers, therefore, are usually brighter and sunnier than winters. The 
cool marine air masses are not conducive to thunderstorm formation. 
The North American Pacific Coast n*cords only two to four thunder¬ 
storms a y(‘ar. 

A distinguishing feature of the precipitation of these marine 
climates is the relatively small amount of rain that falls, considering 
the large numlxT of cloudy, rfiiny days. Thus although Paris has only 
22.() in. of pr(‘cipitation, it is spread out over 188 rainy days (average 
0.12 in. for each rainy day). Seattle, with 88.4 in. of precipitation, 
has 151 rainy days; London has 24.5 in. and 164 rainy days; while 
Sumburgh Head, on the Shetland Islands, has 86.7 in. spread out 
over 260 rainy days. London has had 72 rainy days ^n succession. 
Where coasts are pr<'ci]>itous, abundant rains of direct or indirtK‘t 
orographic origin supplement those from cyclones and the few con- 
vectional storms. 

259. CnormiNEss and Sitnrhinb. Marine west-coast climate is 
one of the cloudiesi, climates of the earth. The American North 
Pacific Coast region has the highest cloudiness and least sunshine 
of any part of the United States, the mean annual cloudiness of that 
region being 60 to 70 per cent. Over wide areas of western Europe 
cloudiness is greater than 70 ])er cent, the sun sometimes being hidden 
for several weeks in succession. Winter, the season of maximum 
cyclones, is much darker and gloomier than summer. Seattle, which 
has only 22 per cent of the possible sunshine in November, and 21 per 
cent in December, has 65 per cent in July and 60 per cent in August, 
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SO that suinmers there are relatively bright and jdcasant- Valentia, 
Ireland, has only 17 ])er cent of the possible sunshine in December but 
in May 48 p(‘r cent. But even though summers are sunnier than 
winters, they are still mu(4i cloudier than those of Mediterranean 
climates. Fog and mist are characderistie weath(T elements of the 
marine west-coast climate. The Anu‘rican North Pacific Coast has 
over 40 days with dense fog during the year; Bergen, Norway, has 
87.7; and Fano, Denmark, 58.0. 

Seasonal Weather 

!^60. Nonperiodic Weather Element Well Developed. Since 
cyclonic storms are both numerous and vigorous, it is to be cx})ected 
that the uonperiodic weather element will dominate. H ra/er, in spite 
of its mild tein{)cratures, is a stormy period. Jn coastal locations 
gales are numerous as one storm follows another in rapid succession. 
The high seas gcTU'raled by winter winds are strong enough to make 
navigation difficult, and unusually severe storms may do serious 
damage to shipping. Tlu‘ fog and mist make for poor visibility and 
a-dd t(^ the diflicullies of navigation. Precipitation is relalivt‘ly abun¬ 
dant and v(‘ry fnHjuent, most of it being in the form of rain rather 
than snow. Long j)eriods of dark, gloomy, drip]>ing w<‘ather are 
cliaractcristic, so lliat winters an* depressing and hard to endure. 
Betw(‘en the fr(‘queiil cyclones then* arc occasional sunny days with 
crisper weather, but these are the ex(‘eption rather than the rule. 
Night frosts are not unusual, esj)ecially when skies arc clear, but 
ordinarily they are not severe. A pushing westward of Polar Continental 
air masses now^ and then leads to a succession of clear days in which 
temperatures may remain continuously below freezing. 

As tin* days lengthen with the advance of spring, cyclones become 
fewer and sunshine more abundant. The air is still cool, but the sun 
is warm, and in western Europe spring is acclaimed the most delightful 
season. Summer temperatures are pleasant for ])hysical well-being, 
and where sunny days are numerous, as they are in the American 
Pacific Northwest, a more charming summer climate would be hard to 
find. More especially in the higher middle latitudes, or in very exposed 
marine locations, chilly, gray, overcast days are numerous even in 
summer. Rain is still relatively abundant, but it falls on fewer days 
than in winter. Autumn witnesses the equatorward swing of the storm 
belt again and, as a consequence, a rapid pickup in cloudiness and 
precipitation. 





Chapter X. The Humid Micro thermal' 
Climates (Z)) 


261. Location. Colder winters, longer frost seasons, and larger 
annual ranges of temperature distinguish the severe microthermal 
climates from the mesothermal types. This greater severity results 
primarily from locational differences, with respect to both (a) latitude 
and (h) positions on the continents, for microthermal climates lie 
poleward from the subtropical types and occupy more interior and 
leeward locations on the great land masses than does the marine west- 
coast climate (Fig. 69, Plate V). Emphatically, microthermal climates 
are land controlled and are, therefore, distinctly continental in their 
characteristics. It is because they are land controlled, being associated 
with large continents in higher middle latitudes, that they are confined 
exclusively to the Northern Hemisphere. Only Eurasia and North 
America are able to produce them. Of the Southern Hemisphere con¬ 
tinents, South America alone extends sufficiently far poleward to 
permit of severe climates, but the narrowness of that land mass south 
of latitude 35° prevents genuinely severe conditions in spite of the 
latitude. Microthermal climates are excluded from the western, or 
windward, coasts because of the dominance there of maritime air 
masses. They occupy, instead, the interiors of land masses and com¬ 
monly extend down to tidewater on their leeward or eastern sides, 
where, in spite of proximity to the sea, modified continental conditions 
likewise prevail. Unlike the mesothermal climates, those of the micro- 
thermal group differ substantially only in degree, and that chiefly 
in one element, temperature. For this reason the general aspects of 
microthermal climates as a group are discussed before the individual 
types of climate are analyzed. 

262. Temperature. Because of wide latitudinal spread, there 
are marked temperature contrasts within those regions classed as 
microthermal. However, for any particular latitude, these climates 

^ Micro-, from Gr. Mikros^ small. Microthermal, therefore, refers to “small,” or low, 
temperatures. 
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are sure to have relatively severe seasons, so that annual ranges are 
large. Of the two extreme seasons, it is the winter cold, rather than 
the summer heat, which is most characteristic and distinctive. Never¬ 
theless, summers are warm for the latitude. Not only are the seasons 
extreme, but they are likewise variable in temperature from one year 
to another. In marine climates, for instance, one winter is likely to 
be much like another, but wide departures from the normal seasonal 
temperature are characteristic of severe continental climates—in 
extreme instances as much as 80°. 

263, Effects of a Snow Cover upon Temperature. Only in the 
microthermal, polar, and highland climates is the snow cover of 
sufficiently long duration to have a marked effect upon cool-season 
temperatures. Once a region is overlain by such a white snow mantle, 
the ground itself ceases to have much influence upon air temperature. 
Sunlight falling upon snow is largely reflected so that little of the solar 
energy is effective in heating the ground or the atmosphere. Moreover, 
although loss of energy by earth radiation goes on very rapidly from 
the top of a snow surface, the low conductivity of snow tends greatly 
to retard the flow of heat from the ground below to replace that which 
is being lost. Observations made at Leningrad, after a fall of 20 in. 
of loose, dry snow, showed a temperature of —39° at the top of the snow 
surface, whereas the ground underneath recorded only 27°, a difference 
of 66°. Obviously, the effect of a snow cover is markedly to reduce 
winter temperatures. As spring advances it acts to retard the warming 
of the air, for the reason that much of the solar energy is expended in 
melting the snow and ice. On the other hand, the snow cover tends to 
keep the ground warmer and prevents deep freezing. 

264. Precipitation. Although winters are not without precipita¬ 
tion, summer is normally the season of maximum. This seasonal 
distribution is related to the following conditions: (a) The absolute 
humidity or reservoir of water vapor in the atmosphere is much less 
over the continents during the cold winter than it is in summer when 
temperatures are much higher. During winter the settling air in the 
continental seasonal anticyclone is likewise conducive to low absolute 
humidity, {h) These same continental anticyclones, which develop 
over the colder parts of the land masses in winter, are areas of diverging 
air currents, a condition that is antagonistic to the development of 
fronts and cyclones. In summer, although cyclones may be fewer and 
weaker, they can, nevertheless, penetrate deeper into the continents. 
This applies particularly to the more severe microthermal climates, 
such as the subarctic, where the winter anticyclone is best developed, 
(c) Convection is at a maximum during the warm summer months, and 
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it is convectional storms which bring most of the warm-season rain, {d) 
Consequent upon the seasonal extremes of temperatures, and hence 
of pressure, a tendency toward a monsoon system of winds is developed, 
which leads to a strong inflow of tropical maritime air with high rainfall 
potentialities in summer and to an outflow of dry, cold, Polar Con¬ 
tinental air in winter. No such revcTsal of winds is experienced along 
marine west coasts in similar latitudes where seasonal temperature 
extremes are not well developed. In severe climates with short frost-free 
seasons it is highly important that rainfall be concentrated in the warm 
growing season. 

Two principal types of climate are included within the micro- 
thermal group, viz., {a) humid continental climate, including both 
long-summer and short-summer phases, and (6) subarctic climate. 
The first type, which is an important agricultural climate, character¬ 
istically lies on the equatorward margins of the subarctic type, the 
latter occupying such high latitudes that agriculture ceases to be of 
gn'at importance. 

8. Humid Coniinejital Cliinat(vs {Dfa. DJh, J)iva, Dwhy 

2C5. Location. Depending upon the prc'sence or absence of 
mountain barriers, marine climates of the west coasts change abruptly 
or gradually into the more severe continental climates of tlu‘ interiors 
(Plate V). In North America, where mountain chains parallel the 
west coasts, the change is sudden and abrupt; on the west I5ur()i)ean 
lowlands, on the other hand, it is very gradual. A further contrast 
distinguishes the two great Northern Hemisphere continents as regards 
arrangement of climates. In North America, arid and semiarid condi¬ 
tions separate marine west coasts from the continental climates 
farther east. This results from the abrupt halting of the moisture¬ 
bearing winds from the west by mountain barriers, so that to the 
leeward of the higlflands it is dry. A humid marine climate, therefore, 
passes over directly into a dry continental one. In Eurasia, on the 
other hand, where, except in Scandinavia, the absence of high moun¬ 
tains permits the deep entrance of marine air into the land mass, humid 
continental climate lies both to the east and to the west of the dry 
interior. Consequently this type is to be found both in central and 
eastern Europe, as well as in eastern Asia (Plate V). 

In North America the humid continental climates lie poleward of 
latitude 35 or 40°. On their equatorward margins they pass over into 

^ The individual letters included in these symbols have been defined in footnotes in 
earlier chapters. 
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the humid subtropical type and on their poleward sides make contact 
with subarctic climate. This same arrangement is repeated in eastern 
Asia. In Europe, on the other hand, Mediterranean replaces humid 
subtropical climate on the southern frontier (Plate V). 

Temperature 

Z6(}. Seasons Severe. Warm to hot summers and cold winters 
are characteristic of the humid continental climate, so that annual 
ranges are large (h'igs. 100, 108). The inonsoonal winds tend only to 
emphasize further the normal seasonal severity. In general the rigorous¬ 
ness of' th(‘ climate increases from south to north and likewise from 
coasts toward the interior. Westerly winds and winter monsoons tend 
to carry continental air masses down to the eastern littorals, but 
there is some maritime air of <‘yclo!iic or siimm(‘r-rnonsoon origin 
which acts to meliorate comlitions slightly, with the result that east 
coasts have modified continental climates. For exam})le, at New York 
City and Omaha, Neb., in similar latitudes, but the former on the 
Atlantic Seaboard and the latter <leep in the interior, the July tem¬ 
peratures are 78.9 and 76.8° respectively, wliile their January tempera¬ 
tures are 80.9 and "21.8°. The annual range, consequently, is 48.0° 
at New York and 55.0° at Omaha. Th(‘ higher atmosplieric humidity 
of the air along tlie seaboard causes the summer heat to be more 
oppressive and sultry, and the winter cold more raw and penetrating, 
than are the drier extremes of the interior. The degree of marine modifi¬ 
cation is greatest where coasts are deeply indented, as, for example, 
in extreme eastc'rn Canada. 

267. Seasonal Gradients. Summer and winter in the con¬ 
tinental climates present marked contrasts in latitudinal temperature 
gradients. In the warm season the few isotherms that cross eastern 
United States are spaced far apart so that one does not experience 
marked temperature changes in going from north to south, the rate 
of change being in the neighborhood of 1° for every degree of latitude, 
or aj)proximately 70 miles. These same weak summer gradients are 
characteristic of eastern Asia. In winter, on the other hand, tempera¬ 
ture changes very rapidly from north to south in eastern United States, 
the rate being 2.5° for each degree of latitude. Between Harbin, 
Manchuria, and Hankow, China, there is only 13.4° difference in 
July, but there is 41.8° in January. Between St. Louis and Winnipeg 
the January contrast amounts to 34.5°; the July contrast to only 
12.9°. Obviously, there is much more reason for northerners to go 
south to escape winter cold than for southerners to go north to escape 
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summer heat. The growing season varies greatly in length from north 
tK) south in the continental climates, approaching 200 days on the low- 
latitude margins and decreasing to 100+ days on the subarctic side. 

Precipitation 

268. Amount and Distribution, Rainfall decreases (a) from 
the seaward margins toward the interiors and (d) usually toward the 
higher latitudes as well. Thus along their interior margins the humid 
continental climates make contact with dry climates, and these interior 
sectors are definitely subliumid. The rt^gioiis of the prairies, to be found 
in both interior Eurasia and North America, illustrate this drier sub- 
type. For reasons })rcviously stated (264), tliese land-con trolled 
climates are likely to receive their most abundant precipitation in 
the warm season, although winters are not necessarily dry. More 
especially it is (a) the deep continental interiors and (/>) the regions 
of marked monsoonal tendencies, in which summers are emphatically 
rainier than winters. At Peiping in North China, a station typical of 
regions having w'ell-develop(‘d monsoons, December and January 
each have only 0.1 in. of precipitation, while July and August have 0.4 
and 6.8 in. respectively. Omaha, Neb., typical of an interior regime in 
North America, has 0.7 in. in January and 4.7 in June. Over much of 
the United States ea.9t of the Mississippi, however, the discrrepancy 
between winter and summer precipitation is not so marked. N(‘W York 
City, which receives 3.3 in. in each of the three winter months, has 
only slightly more, 4.1 and 4.3 in., in July and August respectively. 
Its total for the year, however, is 42.5 in. 

260. Early-sumrner Maximum, In the more subhumid interior 
locations the period of maximum rainfall, more often than not, is in 
early summer and late spring, rather than at the time of greatest heat. 
This is the case in the Danube Basin and in the western prairie region 
of the United States, At Beograd (Belgrade), Yugoslavia, June is the 
wettest month, and May has more precipitation than July. At Omaha, 
June likewise receives the maximum amount. Lacking a forest mantle, 
the shallow snow cover of these subhumid lands melts rapidly with 
the advance of spring, and the dry earth warms quickly under the 
strong insolation. By May or June, therefore, the lower air has become 
relatively warm although the upper layers, in wliich there is a greater 
seasonal temperature lag, are still cool. Atjnospheric instability, and 
consequently convectional overturning, is therefore greatest in early 
summer when there is a maximum temperature contrast between 
lower and upper air. Later in the summer, even though surface tem¬ 
peratures are higher, there is less vertical contrast. 
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The economic imf)ortance to agricultural production of having the 
year’s rainfall relatively concentrated in the early part of the growing 
season cannot be overestimated. In microthcrmal climates with only 
modest precipitation, where relatively long and severe winters defi¬ 
nitely limit the season of plant growth, it is highly essential that the 
periods of sufficient warmth and sufficient rainfall coincide. It bears 
restating for the sake of emphasis that coequal in importance with 
quantity of rainfall is the matter of its distribution throughout the 
year. 

270. WiNTEB Precipitation. Cool-season precipitation is largely 
frontal in origin. Tropical Gulf air masses moving northward in 
winter usually do not get very far into the continent before being 
forc(‘d to ascend over cold polar air masses. Sometimes this happens 
( ven before Tg air reaches the northern Gulf Coast, and rarely docs 
the tropical air advance at the ground farther than Iowa and the 
southern sliores of the Great Lakes. A portion of the winter precipita¬ 
tion is in the form of snow, and a permanent snow cover, varying from a 
few weeks to several months in duration, is typical. Owing to the fact 
that (a) it takes 5 to 15 in. of snow to equal 1 in. of rain and (6) snow 
tends to remain on the ground whereas rain does not, the total less 
precipitation of winter may be more conspicuous and impressive than 
summer’s greater amount. This contrast is further accentuated by 
the fact that the cyclonic winter precipitation is continuous over longer 
periods of time than are the sharper convectional showers of summer. 
Jn those parts of northeastern United States and Canada where winter 
cyclones are particularly numerous and well developed (Great Lakes 
region, St. Lawrence Valley, New England, and the Canadian Maritime 
Provinces) snow becomes excessively deep. Thus northern New Eng¬ 
land and New York have more than 7 ft. of snowfall during an average 
winter, and the snow cover remains on the ground for more than 4 
months. In parts of the Adirondack Mountains 150 in. or more of snow 
falls annually. Over the American Great Plains, on the other hand, it 
amounts to only 20 to 30 in. 

271. Summer Precipitation. Summer rains, more convectional 
in origin, often fall in sharp showers from cumulo-nimbus clouds and 
frequently are accompanied by thunder and lightning. The warm 
humid Tg air that enters deep into the North American continent in 
summer provides ideal conditions for convectional development over 
eastern and central United States. In Hungary 61 per cent of the rain in 
June falls on days with thunderstorms (Kendrew). A considerable 
percentage of the thunderstorms of continental climates are of the 
simple heat variety resulting from excessive ssurface heating. A smaller 
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number are storms associated with the fronts of cyclones. Drizzly 
cyclonic rains falling from gray overcast skies are not absent, to be 
sure, but this type of weather is less frerpiont in summer than in the 
cooler seasons. On the whole, cyclonic* wc*alher is most typical of the 
poleward margins of the c^ontincmtal climates. 

Seasonal Weather 

272. Nonperiodic; Weather (tianges Oharacteristic’. In no 
' other types of climate are rapid and mark(*d noiii)eriodic weather 
changes so cluiracteristic as in the humid contineiilal, for it is in lluvse 
regions that tlie conflict between polar and tropical air masses r(‘aches 
a maximum d(‘Vc*lopment. It is in the c*ol(l seasc^n, when the* sun has 
retreated farthest south, and with it the storm belt, that the continental 
climates experience the strongest nonperiodic c*ontrol of weather. 
At that season the diurnal sun control is usually subordinates and 
weather conditions are dominated by mov ing c*yclones and anticyclom^s 
associated with rapidly shifting polar and tropical air masses and the 
fronts that devxdop along their i)ou!idaries. Idie daily rise and fall of 
temperatures with the sun many times are o})scured by the larger 
nonperiodic oscillations caused by inv^asions of polar and tropical air 
masses (Figs. 101, 102). 

In the dc'ep interiors and higher middle latitudes of the contincaits 
the effects of the winter continental anticyclone are more pronounced 
and the \v eat hen* dri<?r, colder and somewhat less fickle. In summer 
air masses are mon* stagnant, fronts fewcT, and weather more* regular 
and sun controllc‘d. 

27S. Spec lAL Weather Types. The usual cycle of weather changes 
wdth the passage of a cyclone, followed by an anticyclone, has been described 
in an earlier part of this book (160). There are, howev^er, certain special 
weather types, which, bc*cause of their frec(uency or severity, have gained 
particular recognition as well as distinguishing names. Among these are 
the blizzard, the cold wave, the hot wave, and Indian summer. 

A genuine blizzard is “a gale of wind, zero cold, and drifting powdery 
snow.” x\ctually, there may be no pre*cipitation falling at the time, yet the 
air is filled to a height of several hundred feet by swirling masses of dry, 
finely pulverized snow, whipped iij) from the freshly fallen (M)ver. It is 
the combination of wind, c*old, and blinding snow that makes these storms 
dangerous to both man and beast who may be cauglit out in them. The 
genuine blizzard, although extremely riire in the eastern states, occurs 
occasionally in the Middle West but is most truly representative of the 
western prairie and plains states. Under the name of buran. the blizzard is 
also known to the prairie lands of Russia and Siberia. On the weather map 



THE HUMID MICROTHERMAU CU1MATE8 (d) 2^5 


this storm type is associated with unusually steep pressure gradients on tlie 
rear of a well-developed cold front in fresh Polar Continental air. 

Not every sharp drop in temperature is a cold wave, for to be an authentic 
one (a) the thermometer must fall a certain number of degrees within 24 hr., 
and (b) it must droy> below a certain fixed minimum. In northern United 
States for a genuine winter cold wave the temperature must fall 20° within 
24 lir. and must at least reach a minimum of zero. This weatlier type is 
associated with strong importations of cold. Polar Continental air billowing 
a cold front (Fig. 50). The sharp drop in temperature, which is the cold wave, 
occurs when the wind shifts from a southerly to a northwesterly direction, 
d'he lowest temperatures, however, may not be reached during the blowing 
of the strong northwest wind hut, rather, a day or two later in the c*alm air 
of the following antit^yclone, when ratliation and eonductioji produce the 
maximum surface cooling in tlie Pc air mass. 

Summer in continental climates has some of the asjiects of tropical 
weather. vSun is largely in control, and regular diurnal variations in weather 
are marked. Cumulus clouds and afternoon thunderstorms tend to replace 
tlie sullen, gray skies and long-continued sjiclls of jirecijiitation characteristic 
of winter. Air-mass or cyclonic control of wcatlu'r is not absent, however. 

Spells of unusually hot weatlier or summer hot waves, Avith maximum 
teinjieratures of ovi r 90° on ses eral successivi' days, are caused by long- 
continued importation by southerly winds of tropical or superior air masses. 
The arrangement of storm areas on the weatlier maj) for such an invasion of 
warm air is n(*arly opposite* to that for cold waves. Hot waves occur on the 
northern Hanks of stagnant anticye-Iones center(‘d over the Gulf States 
(Fig. 57li). S(piall-llne thunderstorms are associated with the cold fronts of 
V-sha])ed lows in which there is a distinct wind-shift line (1T3, Fig. 66). 
Preceded by days witli south winds and Jiigh temperatures, the lieat w'ave 
is broken when the eastward-advancing squall line, with its general tur¬ 
bulence and thunderstorms, is reached, and the wind shifts to northwest. 
The delightfully cool winds on the rear of such a storm bring the summer 
cool waves. 

Spring and fall, the transition seasons, witness a more even struggle 
between storm and sun conirol. At times the one and then tlie other is in 
the ascendancy, so that there is something of an oscillation between summer 
and winter conditions. Mild, w^arni days in April and early May, with 
regular diurnal rise and fall of the thermometer, resembling summer, may be 
followed by a reestablishment of winter conditions as a passing cyclone lays 
down a snow cover, and the following anticyclone drops the temperatures to 
an unseasonable frost. Continental climates are famous for their fickleness 
of spring w^eather. 

Autumn brings some of the loveliest days of the entire year but likewise 
some of the rawest, gloomiest weatlier. Bright, clear weather w ith warm 
midday temperatures and crisp, frosty nights come wdth anticyclonic con¬ 
trol. A reestablishment of hot-wave gradients in October and November, 
after severe frost and perhaps ev^en snow have been experienced, causes a 
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temporary return of summer conditions. The result is those mucli cherished 
spells of warm weather with hazy, smoky atmosphere, known as Indian 
summer. But well-developed cyclonic storms of this season may also bring 
those raw, gray days with chilly rain, and occasionally a temporary snowy 
winter landscape may be produced as early as October. 

8a. Humid Continental Climate with Long Summers 
{Dfa and Dwa) 

Q74, Location. This long-summer phase of humid continental 
climates is sometimes designated as corn-belt climate^ because 

much of the world’s commercial 
maize crop is grown in regions 
having its imprint. It is also 
occasionally called the oak- 
hickory climate because of its 
reasonably strong regional coinci¬ 
dence with that hardwood-forest 
association. 

Because this is the mild phase 
of humid continental climates, it 
is to be expected that, characteris¬ 
tically, it will be located on the 
southern margins of the general 
microthermal group. On its pole- 
ward side is the more severe short- 
summer phase of continental 
climate, while to the south is one 
or the other of the subtropical 
types (Fig. 69, Plate V). It is 
obvious, by reason of the lati¬ 
tudinal location, that long-summer humid continental climate is the 
mildest and most equable of all those included within the microthermal 
group. 

In the United States this subtype includes a tier of states, extending 
from central Kansas and Nebraska on the west to the Atlantic Seaboard 
and including, besides tliose states mentioned, Iowa, Missouri, Illinois, 
southern Wisconsin and Michigan, Indiana, Ohio, Pennsylvania, 
southern New York, and the coast states from southern New England 
to about Maryland. The American corn belt lies within its borders. 
In Europe the long-summer phase prevails chiefly in the south-central 
portions of that continent—the Danube and Balkan states, and the 
Po Valley of Italy. It is on the plains of the Danube and the Po 



Fig. 100.—Average monthly tempera¬ 
tures and precipitation for a representa¬ 
tive station in humid continental climate 
with long summer. 
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Valley that much of Europe’s maize crop is grown. The third principal 
region, in eastern Asia, includes North China and southern Man¬ 
churia, most of Chosen (Korea), and northern Japan. This Asiatic 
segment is where the monsoon regime of winds and rainfall is particu¬ 
larly well developed. 




Figs. 101, 102. —Daily maximum and minimum temperatures for extreme months at 
representative stations in humid continental climate with long summer. Note the 
stronger storm or air-mass control in winter. {Couriesy of Mark Jefferson and the GeO' 
graphical Review.) 


TEMPERATURE 

275. Summers are characteristically long and hot. July at St. 
Louis (78.6°), or Peiping, China (78.8°), is subtropical, or even tropica], 
in its heat, resembling very much conditions in the Amazon Valley. 
Typical American corn-belt cities have average July temperatures 
in the neighborhood of 75°. Not only are summers hot, but they are 
inclined to be relatively humid as well, so that a summer month con¬ 
tains a large number of sultry, oppressive days when the inhabitants 
experience great physical discomfort. At Urbana, Ill., in the heart 
of the corn belt, where the average July temperature is 74.8°, the 
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mean of the daily maxima is 85.7°. Nights, too, are often uncomfortaldy 
warm. Summers are relatively long, the period between killing frosts 
being in the neighborhood of 150 to £00 days. 

£76. Winters are likely to be relatively eold but with numerous 
spells of mild, disagreeable, rainy weather sandwiched in between the 
periods of cold. The average January lemperatun* at I rbana is £5.6°, 
and the average of the daily minima is oidy 17.5°, although £5° below 
zero has been known to occur (Figs. 101, 10£). St. Louis has an average 
January tem])erature of 31.8°; Buciiresti (Bucharest), Rumania, £5.5°; 
and Peiping, China, £3.5°. Monthly averages, however, are not of 
great vahu* for describing winter temperatures, since the latter are 
composed of such wide variants. Sin<‘e the long-summer })has(‘ is 
bounded by such opposite tenija^rature conditions on its northern and 
southern frontiers, it is to b(* expected that mark(‘d temperature 
contrasts can be produced by polar and tropical air-mass invasions. 


Climatic Data for Hkpkesentati\e Stations in the Long-summer 

Subtype 
Peoria. Ill, 



J 

F 

M 

/( 

M 

/ 

J 

.1 

N 

0 

N 

1) 

Vr, 

Pange 

Temp. 

£4 

£8 

40 

51 

0£ 

71 

75 

73 

05 

53 

39 

£8 

50.8 

51.0 

Precip. 

1.8 

£.0 

£.7 

3.3 

3.9 

3.8 

3.8 

3.£ 

3.8 

£.4 

£.4 

£.0 

34.9 







A 

ew 1 

^orlc 

Cili/ 







Temp. 

31 

31 

39 

49 

(io 

09 

74 

7£ 

07 

50 

44 

34 

5£.l 

43.0 

Free ip. 

3.3 

3.3 

3.4 

3.3 

3.4 

3.4 

4.1 

4.3 

3.4 

3.4 

3.4 

3.3 

4£.0 






Uiicuresti \ 

[Hue 

hare. 

si), Humania. 





Temp. 

£(> 

£9 

40 

5£ 

01 

08 

73 

71 

04 

54 

41 

30 

50.7 

47.5 

Precip. 

l.£ 

1.1 

1.7 

£.0 

£.5 

3.3 

£.8 

1.9 

1.5 

1.5 

1.9 

1.7 

£3.0 







Peiping. (\ 

hina 







Temj). 

£4 

£9 

41 

57 

08 

70 

79 

77 

(J8 

55 

39 

£7 

53 

55 

Precip. 

0.1 

0.£ 

0.£ 

0.0 

1.4 

3.0 

9.4 

0.3 

£.0 

0.0 

0.3 

0.1 

£4.9 



PRP]ITP1TATI()N 

£77. Amount. In terms of the total amount of precipitation, 
most of the world regions possessing humid continental climate with 
long summers suffer from too little, rather than too much, rainfall. 
Thus parts of the North China Plain, the Danube Lowlands of Europe, 
and the western portion of this climatic region in the I nited States 
are all subhumid in character, with grass as the prevailing type of 
natural vegetation. It is chiefly northern Japan, Chosen, and the 
eastern and central portions of the American region that are fortunate 
in having more than 30 in. of precipitation. Occasional crop failures 
as a result of drought are characteristic of the subhumid portions. 
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This is especially true in North China where, because of the very dense 
population, drought yctars are likewise famine years. 

278. Annual Diktuihutton. Summer rains predominate, the 
warm-season maximum being particularly marked in the more sub- 
humid portions or where monsoons prevail (Fig. 100). 7'liis is fortunaU*, 
for in regions with severe winters, and where j)reei})itation is none too 
bountiful, it is especially nec(‘ssary for rainfall to be concentrated in 
the growing season for crops. The warm summertime convectiona.1 rains 
have the advantage of ])ermitting a maximum of sunshine and heat 
along with an abundancf? of rain. Such a condilion is ideal for the corn 
crop. At Peoria, 111., though there is a distinct concentration of rainfall 
in the warm months, it is this same season that has the largest amount 
of sunshine. For exami)le, July has 8.77 in. of precipitation, falling 
on 10 rainy days, and 75 per cent of the possible sunshine. January, 
with only 1.8 in. of preci])itation and 9 rainy days, has only 47 per 
cent of the possilile sunshine. Days with thunderstorms are numerous, 
{iveraging 40 to 00 a y<‘ar in the Anna-icaji corn belt. 

Winter ])reci}>itation is usually less than that of summer. Only in 
Japan, Chosen, ])arts of central Europe, and central and (^astern United 
States can winters be classed as distinctly humid. North China rej)re- 
sents the opposite extreme, for at. Peiping the (‘ornbined precipitation 
of th(‘ three wijiter months is only 0.4 in., as com})ared with 18.7 in. 
for the three summer months. This reflects tln^ well-dovel()pi‘d system 
of monsoon winds which dominates eastern Asia. The western margins 
of the American corn belt also have a relatively marked winter mini¬ 
mum in ])recipitation, with only 2 to 4 in. during December t o February 
inclusive. 

A portion of the winter precipitation falls as snow , although it is 
usually less than one-half the season’s total. Over the American corn 
belt snow falls on 20 to 80 days of the year, the total amounting to 
10 to 40 in. The number of days with snow cov(t varies from 10 ± 
on the southern margin to 60+ on the pohwvard side. 

Sh, Humid Continental Climate with Short Summers 
{Dfb and Dwb) 

279. Location. This more severe phase of humid continental 
climate lies on the poleward side of the long-summer subtype and 
between it and subarctic climate (Fig. 69). It is sometimes designated 
as the “spring-wheat” type, since that important commercial crop 
reaches its most specialized development in the subhumid parts of 
the short-summer phase. This is scarcely the case in the more humid 
parts, however. In North America the type is found in general east 
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of the 100th meridian and includes the northern tier of states in the 
United States and portions of southern Canada as well (Plate V). 
In Eurasia it includes most of Poland, eastern Germany, the small 
Baltic states, and a large part of the central Russian plain between 
latitudes 50 and 60° + . Beyond the Urals it extends on into Siberia 
as a narrower strip in the vicinity of latitude 55°. In much of European 
Russia and Siberia it is terminated on the south by steppe climate. 
The third large representative area is in northeastern Asia, more 
especially central and northern Manchuria (Manchukuo) and south¬ 
eastern Siberia. 


TEMPERATURE 

280. Temppiratitres Relatively Extreme. Because of its 
characteristic location in higher latitudes, temperatures are some¬ 
what lower than in the long-sum¬ 
mer phase farther south (Fig. 103). 
This is much more emphatically 
the case with winter than with 
summer, for w+ile the hot months 
are only 5 to 10° cooler, average 
winter temperatures are 10 to 30° 
lower. It is the severer winters, 
then, that chiefly account for the 
larger annual ranges. Summers are 
usually warm for a few months, 
the average July temperatures 
being a few degrees above or 
below 70° (St. Paul 72°; Montreal 
69°; Moskva (Moscow) 66°; 
Barnaul, Siberia, 67°; Harbin, 
Manchuria, 72°). But the climate 
is handicapped by reason of the 
relatively short duration of sum¬ 
mer. Thus, while Indianapolis 
(long-summer phase) has 7 months 
the average temperatures of which 
are over 50°, St. Paul and Win- 
early and remains late, so that 
the growing season is only 3+ to 5 months in length, which is insuflB- 
cient for a number of crops. Offsetting somewhat the two handi¬ 
caps of shorter and cooler summers is the advantage of the longer 
days that prevail in the higher latitudes. Thus at the time of the 



Fig. 103. —Average monthly tempera¬ 
tures and precipitation at a station in the 
humid continental climate with short 
summers. The absence of a marked sum¬ 
mer maximum in precipitation results 
from the very abundant winter snowfall, 
Montreal being located on the principal 
winter storm tracks. 

nipeg have only 5. Frost comes 
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Northern Hemisphere summer solstice, Winnipeg has a daily period of 
insolation which is more than one hour longer than that of St. Louis. 

Midday temperatures in July are likely to be warm to hot, espe¬ 
cially when the sun is shining. Overcast days, on the other hand, are 
inclined to be chilly. It is not unusual to experience summer days with 
temperatures of 90° and above (Fig. 104). Hot waves, similar in origin 
to those in the regions farther south, do occur, but they are usually 
not quite so severe or so long. There are, on the other hand, more 
spells of cool, cloudy weather than in the long-summer phase, for, 
in the United States at least, this climatic type is closer to the tracks 



Fig. 104. —Daily maximum and minimum temperatures for the extreme months at 
a representative station in humid continental climate with short summers. (Courtesy of 
Mark Jefferson and the Geographical Remetv.) 


r)f summer cyclones. It is these cool spells that draw down the general 
summer average. 

Winter is the dominant season. At Barnaid the January average 
is —2.2°; Harbin, Manchuria, —1.7°; Bismarck, N. D., 7.8°. But 
these averages are composed of very unlike temperature elements, 
since the succession of cyclones and anticyclones brings much subzerc) 
weather as well as some that is distinctly above freezing (Fig. 104). 
Winters differ greatly from year to year in the continental climates. 
January, 1914, at Bismarck had only one day with temperatures 
below —10°, as compared with 14 the previous year. Large storm- 
controlled temperature fluctuations within a short period of time are 
likewise characteristic, changes of 40° within 24 hr. being relatively 
common. These temperature fluctuations and variations are associated 
with advances and retreats of polar and tropical air masses. 
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PUECIPITATJON 

281. Amount and Seasonal Distribution. Generalizati(»n is 
difficult concerning any total amount of ijrecipitation characteristic 
of this climate. Interior North America, Silieria, and Manchuria are 
representative of subhum id sections where rainfall is commonly less 
than 2a or SO in. and in parts oven less than 20 in. Eastern Canada 
and eastern United States, and the western portions of Europe’s 
short-summer continental region, ar(‘ representative of the more 
humid sections. It is in the former, or suhhumid, group, that precipita¬ 
tion is more strikingly concentrated in the short period of warmth, 
winters being relatively dry. Thus Bismarck with only 17.4 in. of 
precij)itation has 3.4 in. in June, the rainiest month, and only 0.5 in. 
in each of the two driest months, January and February. In those 
regions with more abundant annual precipitation jireviously noted, 
especially eastern North America, winters are much less dry. In New 
England and the Maritime Provinces of Canada, where tracks of 
cyclones converge, winters liave nearly, if not quite, as much precipita¬ 
tion as summers. For example, at Quebec, which has a total of 40.7 in., 
July has 4.3 and January 3.4 in., while Portland, Me., has slightly 
more precipitation in January (3.9 in.) than in July (3.4 in.). See 
Fig. 103. 

282. Snowfall. Becau.se of the lower winter temperatures, 
much more of the cool-season precipitation is in the form of snow than 
is true of the long-summer phase to the south. In northern Minnesota 
there are 60 to 80 days with snowfall, the total amount being 40 to 
60 in., while there is a continuous snow cover for over 120 days. A 
similar situation with respect to duration of snow cover holds for 
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northern New England, while the total snowfall there amounts to more 
than 80 in. The actual amount of snow is much less along the drier 
interior margins of this type, but owing to tin* low temperatures, the 
number of days with snow cover may be quite as long. 

9. SubarcTic Clmiates (Taiga; Dfc, Ihvr, Ihvd)^ 

283. Location. This is the extreme in continental climates, sub¬ 
arctic having the largest annual temperature ranges. It is found only 
in the higher middle latitudes (50 or 55 to 65”) of the great Northern 
Hemisphere continents (Fig. 60, Plate V). On its poleward side it makes 
contact with tundra, one of the ])oiar climates. This northern boundary 
is apiiroximately tlie isotherm of 50” for the warnu'sl month (usually 
July), which is critical b(‘cause it closely coincid(‘s with the poleward 
limit of tree growth. Subarctic climates on its southern margin, usually 
makes contact with the short-summer phase of humid continental 
climate or, in ])Iaces, wulli middle-latitude stej)pes and deserts. The 
Eurasian subarclic area (‘xtemds from Sweden and Finland in Europe, 
across the whole of the continent to the coast of Siberia. It widens 
tow^ard the Pacific, or IcHWvard, side as continentality increases. In 
North America the subarctic belt stretches from Alaska on the Pacific, 
across Canada to Labrador and Newfoundland on the Atlantic. 

TEMPERATIUiE 

284. SuMiviER. liong, bitterly cold winters, very short summers, 
and brief springs and autumns are characteristic (Fig. 105). Since the 
isotherm of 50” for the warmest month has b(‘en accc^pted as the 
poleward boundary of this type of climate, at least one month must 
have an average temperature of 50” or above. At Yakutsk, Siberia, 
nearly 62”N., representing the extreme in subarctic climates, July, 
the warmest month, has an average ixmperature of 66”, which is 
higher than the same month at London or Berlin and 9” higher than 
July at San Francisco. Midsummer daily maxima of 80” are common 
at Yakutsk, and the thermometer occasionally reaches 90”. The abso¬ 
lute maximum is 102”. At this same station, how^ever, June and August 
have mean temperatures of only 59 and 59.5” respectively. It needs 
to be emphasized that, at Yakutsk, there are only three months in 
which the mean temperatures exceed 50”, for both May and September 
have averages in the low forties. At Fort Vermilion, at 58”27'N. in 
Canada, another representative subarctic station, July is cooler than 

^ In the Koppen symbols, c ~ cool summers with only 1 to 3 months above 50° 
(10°C.); d ~ cold winters wdth the temperature of the coldest month below —36.4° 
(-S8°C.). 
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it is at Yakutsk, Laving an average temperature of only 60®, while 
June and August are 54.9 and 58.6® respectively. The mean of the 
daily maxima in July is 74.8°; and of the minima, 45.7®. Temperatures 

over 90® have been recorded at 
Fort Vermilion in both June and 
July. Subarctic summer days, 
then, are pleasantly warm and 
occasionally even hot (Figs. 106, 
107; Canadian data from Koeppe). 

285. Long Summer Days. 
Somewhat compensating for the 
short arid none too warm sum¬ 
mers are the unusually long days 
in these higher latitudes. Thus, 
altliough the intensity of sunlight 
is not so great, the large number 
of hours during which the sun 
shines is an offsetting factor. 
Moreover, the short nights do 
not permit a long period of 
cooling. For example, at latitude 
55®N. June days average 17.8 hr. 
of possible sunshine; latitude 
60®N., 18.8 hr.; and latitude 65®N., 22.1 hr. Moreover, since twilight 
continues when the sun is as much as 18® below the horizon, it is 
evident that in summer the hours of darkness are very much limited. 
In the more northerly portions of the .subarctic lands, at the time of 
the summer solstice, one can read a paper out of doors even at 
midnight. 

286. Growing Season. Unfortunately, the subarctic lands have 
very short periods that are entirely without frost. The growing season 
in the Mackenzie Valley of Canada varies from about 50 to 75 days, 
and many stations must expect freezing temperatures in July and 
August in at least half of the years. A shift of wind to the north at any 
time brings with it the chill of the ice-laden Arctic. Thus while it is 
the occasional midwinter frosts which are dangerous in the subtropical 
climates, it is, on the other hand, the midsummer frosts which are of 
peculiar significance in this subarctic type. The characteristic coolness, 
shortness, and precariousness of the growing season are the most serious 
handicaps of the subarctic climates for agricultural development. 

287. Winter follows on the heels of summer with only a very brief 
intervening autumn season. Frosts may arrive in late August, and ice 
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Fig. 105.—Average monthly tempera¬ 
tures and precipitation for a representa¬ 
tive subarctic station. 
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begins to form on pools in September. By the middle of October naviga¬ 
tion for small craft is made difficult on the subarctic lakes of Canada. 
At Verkhoyansk, Siberia, the mean temperature drops 40® from 
October to November. Subarctic Siberia holds the records for mini¬ 
mum temperatures at low elevations, even lower than those of polar 
climates. Verkhoyansk, in the northeastern part, boasts an average 
January temperature of 59® below zero, while an absolute minimum of 

— 90® was recorded in February, 1892. This, of course, is an extreme 
case. At Yakutsk, however, where July has an average temperature 
of 66®, the January mean drops to approximately —46°, producing 
an annual range of 112®. For seven months at Yakutsk the average 
temperatures are below freezing, and during five months they are 
below zero. No other type of climate can show such contrasts between 
summer and winter temperatures. 

Concerning the Siberian winter, Hann writes: 

‘Tt is not possible to describe the terrible cold one has to endure; one has 
to experience it to appreciate it. The quicksilver freezes solid and can be cut 
and hammered like lead; iron becomes brittle, and the hatchet breaks like 
glass; wood, depending upon the degree of moisture in it, becomes harder than 
iron and withstands the ax so that only completely dry wood can be split. 
Every step in the dry snow can be heard for long distances; the bursting of 
the ice cover and the frozen ground sound like the cannonading of distant 
batteries.’' 

Subarctic winters in North America are not quite so severe as are 
those of Siberia. This comes about in part as a result of Asia's being a 
broader land mass. Representative stations such as Churchill, Dawson, 
and Fort Good Hope show average January temperatures of —20.2, 

— 22.4, and —31.6® respectively. At Dawson,in the Yukon,at 64®3'N., 
the thermometer, on an average January night, falls to approximately 

— 29® and rises to nearly —16® during the warmest hours of the day 
(Figs. 106, 107). 

The excessive and long-continued cold of the subarctic winters 
causes large parts of taiga regions to be permanently frozen down to 
great depths. Over extensive areas of the subarctic lands only the 
upper few feet thaw out during the short summers. The depth to which 
frost penetrates and the depth of the summer thaw vary greatly from 
one part of the subarctic lands to another. Cleveland Abbe notes the 
case of a mine in the Klondike (Yukon) which passed out of the per¬ 
manently frozen zone at a depth of 220 ft. 

Just as long days are characteristic of subarctic summers, so long 
nights are characteristic of the winters. For example, on Dec. 21 all 
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[)iaces on the GO'^N. parallel can receive a maximum of only 5.7 hr. of 
sunshine, while on latitude 65°N. the maximum is only 3.3 hr. These 



Fig. !()(). Daily maximum aud minimum t<‘mperalurt\s for extnmu* mouths at a 
rt‘pr(‘s(*iitaliv(* subarctic station in ('auada. {('ourtrsij of Mark Jcjfcrson and fhe Geo¬ 
graphical l{t’vieir.) 

long daily periods of darkiie.ss are not only (h‘pressing and hard to l)ear, 
hut they are, in a considcTable measure, nxsjxnisihie for the low winter 
temperatures. 



Fig. 107.—Daily maximum and minimum temperatures for extreme months at a repre¬ 
sentative subarctic station. 

Spring, like autumn, is a short and inconspicuous season. At 
Yakutsk there is a difference of 25° between the mean temperatures of 
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April and May, and 18° between May and June. The average April 
temperature at Yakutsk is like that of Madison, Wis., in January, 
while May is only 4 to 5° lower than April at Madison. 


(,'limatic Data for Representative Sirs arctic Stations 
Fort W'rmdion^ Alberta^ (Uinada (58°27^V.) 
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PUECIPITATION AND HuMIDlTY 

288. Amount. Preeipitaiion in siibarelie climates is usually 
meager (Fig. 105). Over much of the Siberian taiga it is no more than 
15 in., whih‘ most of snbarctie. Canada receives less than 20, and parts 
receive less than 15 in. It is principally along the oceanic margins in 
both Eurasia and North America that rainfall e\ce(‘ds 20 in. In most 
middle-latitude climates these small amounts, characteristic of the 
taiga, would be classed as simiiarid, but wluTe such low temperatures 
and, therefore, low eva})oration rates prevail, ainl where the ground 
is frozen so much of the year, the jirecipitation is sufficient for forest 
growth. 

289. Anniial Distkiiuttion. Precipitation is concentrated in the 
warmer months. At Yakutsk, where the total annual rainfall is 13.7 in., 
.Vugnst is the W(‘tt(‘st month with 2.6 in., and February the driest 
with 0.2 in. At Dawson in the Yukon the total is 12.49 in., with 1.54 
in July and 0.83 in January (0.71 in. in February and 0.53 in March). 
It is over east-central Siberia, in particular, that winters are especially 
dry, the three winter months there having only 10 per cent of the 
annual precipitation, while the three summer months have 58 per cent. 
This is the region of most intense cold and highest winter pressures. 

Over lowlands tJie meager winter precipitation, practically all of it in 
the form of snow, is cyclonic in origin. The few fronts that cross these areas 
yield sufficient precipitation, in the form of relatively dry, hard, snow, so 
that a permanent snow cover, lasting 5 to 7 months, is common. Because«of 
the shelter provided by the forest, little melting or evaporation occurs, so 
that the winter snows accumulate to a depth of 2 to 3 ft. in the taiga. This 
same protection of the forest leads to slow melting of the snow cover in 
spring. In eastern Siberia, winter precipitation ivS so meager that sleighing is 
sometimes difficult. 
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Summer, tlie season of maximum surface heating, steepest vertical 
temperature gradients, and highest humidity, provides conditions that are 
relatively most favorable for rainfall. Warm-season precipitation is both 
coiivcctional and cyclonic in origin. Thunderstorms are not numerous, how¬ 
ever, the total number in the Mackenzie Valley of Canada being in the 
neighborhood of 5 to 10 a year. They are associated with the hottest spells, 
when convection is at a maximum. Fort Vermilion, in the Mackenzie Valley, 
has on the average 5.3 rainy days in June, 0.1 in July, and 7.5 in August. 
Comparable data for Dawson, in the Yukon, are 11.7, 10.3, and 10.0 
(Koeppe). 





Chapter XI. Polar Climates and 
Highland Climates 


Polar Climates (E) 

290. As the tropics are characterized by lack of a cool season, so 
the polar regions are wanting in a period of warmth. It is the prevalence 
of monotonous heat that typifies the low latitudes. In the high latitudes 
monotonous and long-continued cold is the greatest handicap. Certain 
explorers to the contrary, the polar areas cannot be made to appear 
warm by noting that occasional days with temperatures over 80° 
have been experienced beyond the Arctic Circle. “One swallow does 
not make a summer,” nor do a few warm days determine the general 
climatic character of a region. 

291. Phenomena of Light and Darkness. A distinctive feature of 
the polar climates is their peculiarities with respect to periods of light and 
darkness. At the poles the sun is out of sight entirely for approximately six 
months, while for an equal period it is constantly above the horizon, al¬ 
though never very high in the heavens, so that insolation is weak. At the 
Arctic and Antarctic Circles, which lie near the equatorward margins of 
polar climates, the daily period of sunlight varies from 24 hr. at the time of 
the summer solstice to a complete lack of sunlight at the winter solstice. At 
points between the poles and the 665 ° parallels the lengths of the periods 
of sunlight, and absence of sunlight, are intermediate in character between 
the two extremes noted. 

292. Locations and Boundaries. Polar climates are largely 
confined to the high latitudes of the earth. Somewhat similar condi¬ 
tions can be found at high altitudes in a great variety of latitudes. But 
these latter regions of continuous cold usually are very isolated and 
fragmentary and in this book are included within the group designated 
as highland climates. 

The poleward limit of forest is usually accepted as marking the 
boundary separating the cold climates from those of the intermediate 
latitudes. In continental locations this vegetation boundary approxi* 

230 
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mately coincides with the isotherm of 50® for the warmest month, so 
that this seasonal isotherm is commonly employed in defining the 
outer margins of the polar climates.^ It is significant that, while for 
the boundary of the humid tropics a cool-month isotherm is employed, 
a warm-month isotherm serves in the same way for polar climates. It 
suggests that while a period of coolness is of critical importance for 
plants and animals in the low latitudes, a period of warmth is much 
more significant in high latitudes. In the Southern Hemisphere the 
only conspicuous land area possessed of j)olar climates is the ice- 
covered x\ntarctic (Continent. In the Northern Hemisphere it is the 
Arctic Sea borderlands of Eurasia and North America, together with 
extensive island groups north of both continents and ice-covered 
Greenland, which are included. 

293. Arctic and Antarctic. Since the Arctic is almost a land¬ 
locked sea, while the Antarctic is a seagirt land, certain important 
climatic differences are to be expected between the two regions. As a 
consecpjence of its single land mass being centered at the Pole and 
surrounded on all sides by extensive oceans of uniform temperature, 
the Antarctic shows much greater uniformity and sirujilieity in its 
climate than does the Arctic. Wind and pressure systems are sym¬ 
metrically ileveloped about the South Pole, and there is little change 
in these elements throughout the year, whereas lack of symmetry and 
seasonal variations in these controls are characteristic of the north 
polar regions. 

294. Temperature and Prectpitation. Polar climates claim 
the distinction of having the low^est mean annnal, as well as the lowest 
summer, temperatures for any part of the earth. In spite of the long 
duration of sunshine in summer, tenjperatures remain low, the rays 
being too oblique to be genuinely effective. Moreover, much of the 
solar energy is reflected by the snow and ice or is consumed in melting 
the snow cover and evaporating the water, so that neither the land 
surface nor the air adjacent to it becomes warm. Winters arc bitterly 
cold, but there is some doubt as to whether the tluTmomctcr ever 
sinks as low in the polar regions as it does in the subarctic climate of 
northeastern Siberia. In spite of the cool summers, winter cold is 
sufficiently severe to develop large annual ranges. 

Precipitation is meager throughout the high latitudes. Over large 
parts of the land areas it is less than 10 in. But in spite of its meager¬ 
ness, the low evaporation permits of some runoff, part of it in the form 

^ In order to exclude certain cool marine climates which are not distinctly polar in 
nature, the definition should further stipulate a mean annual temperature of 32® or 
below. 
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of glaciers. It is because of the low evaporation and the small amount 
of melting that great permanent snow and ice fields several thousand 
feet thick have been able to accumulate on Grc'cnland and the Ant¬ 
arctic (k)ntinent, and this in s})ite of the low precipitation. A dearth 
of ]K)lar precipitation docs not seem unusual when one considers the 
[)revailingly low absolute humidity which must accompany the low’ 
temperatures. "J"he reser\ oir of water va}>or is small at all times. More¬ 
over, in these latitudes there is a general settling of the cold upper-air 
masses which creates a condition unfavrirable to condensation. Precipi¬ 
tation is usually heavier in the warmer months when the moisture 
supply is most abundant. 

295. Tundra and Ice Caps. Polar climates are usually sub¬ 
divided into two types, with the umrmest-month isotherm of 32° serving 
as the boundary between them. Where the average temperatures of all 
months are b(‘low^ freezing, the growth of vegetation is impossible, 
and a permanent snow-and-ice cover prevails. These are tlie ioe-cap 
climates. Where one or more of the w^arm-season months has an average 
temjierature abo\ <' 32° (but not over 50°) so that the ground is free 
from snow for a short ])eriod, and a meager and lowly vegetation cover 
is possible, the climate is designated as tundra, 

10. Tuiulra Climato {ETy 

296. Location. Tundra climate is transitional in character 
between the ice caps, or regions (ff perpetual snow and ice, on the one 
hand, and middle-latitude climates, usually subarctic, on the other 
(Fig. 69, Plate V'). Its accepted equatorward and poleward boundaries 
are the warmest month isotherms of 50 and 32°, resp(*ctively, which, as 
indicated previously, arc reasonably coincident wdth important vegeta¬ 
tion boundaries. 

Tundra climate over land areas is almost exclusively confined to 
the Northern Hemisphere. In the Antarctic, ocean prevails in those 
latitudes where the tundra would normally develop. Only the most 
northerly fringes of the Antarctic continent, and certain small Ant¬ 
arctic islands, have sufficiently warm summers for them to be included. 
Idle most extensive tundra areas are the Arctic Sea margins of both 
North America and Eurasia. Most of the Arctic archi})elago of the 
former continent, as well as the coastal fringe of Greenlaml, is likewise 
included. 

TEMPERATURE 

297. Summer. Long bitterly cold winters and very short cool 
summers arc the rule (Fig. 108). By the definition of boundaries for 

^ ETy warmest month below 50'^ (10®C.) but above 32° (0°C.). 
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tundra climate, previously stated, the average temperature of the 
warmest month can be no lower than 32° and no higher than 50°. 
The cool character of the summer is therefore relatively fixed. Raw and 



chilly, the warmest months of the 
tundra resemble March and April 
in southern Wisconsin and are like 
January in the American cotton 
belt. Usually only 2 to 4 months 
have average temperatures above 
freezing, and killing frost is likely 
to occur at any time. Along coasts, 
where water, ice, and land are in 
close proximity, fog is very preva¬ 
lent. These fogs may last for days 
at a time and are extraordinarily 
depressing. Under the influence of 
unusually long summer days, the 
snow cover begins to disappear in 
May, and the lakes are usually 
rid of their ice cover in June. 
Because of the permanently frozen 
subsoil, subsurface drainage is 


deficient, and bog and swamp prevalent. Myriads of mosquitoes 


and black flies make life almost unt)earable for man and beast alike 


during the summer period of wet earth. 

At Ponds Inlet, Canada, a tundra station at 72°43'N., where the 
average July temperature is 42.4°, the* thermometer in that month 
rises to about 49° during the warmest hours of the day and, on the 
average, sinks to S5 or 30° at night. Daily ranges in summer are 
relatively small, for the sun is above the horizon for all or a greater 
part of the 24-hr. period. On most July nights no frost occurs, but on 
the other hand it is not unusual for the thermometer to slip a few 
degrees below freezing (Fig. 109). Warm days occur now and then, 
Ponds Inlet having recorded, on at least one occasion, a temperature 
of 77°. 


298. Winter. While summer temperatures are not greatly 
different from one tundra region to another, there are greater variations 
in the winters. Thus along the Arctic coasts of Siberia, average January 
and February temperatures are in the neighborhood of —35 or —40°, 
and it is appreciably colder farther inland. At this season winds in 
general are from the bitterly cold subarctic region to the south, and 
these importations serve only further to intensify the severity of tern- 
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peratures in the tundra. Along the Arctic borderlands of North 
America winters are not quite so severe. A coastal station in Labrador 
shows a January mean of -“7.6°; Ponds Inlet in Canada records an 
average of —28.4° for January, —29.7° for February, and even —24.4° 
for March (Fig. 108). At the latter station 5 months, November to 



Fia, 109.—Daily maximum and minimum temperatures for the extreme months at a 
representative tundra station in Greenland. 

March inclusive, have average temperatures below zero, while 9 are 
below freezing. 

Climatic Data for Repkesentatwe Tundra Stations 
Sagastyr, Siberia^ if.S.S.R. (73°iV., 124°E.) 
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M A 

M 

J 

J 

A 

S 

0 

N 

D 

Fr. 

Range 

Temp. 

-34 -3() 

-30 -7 

15 

32 

41 

38 

33 

6 

-16 

-28 

1 

77 

Precip. 

0.1 0.1 

0.0 0.0 

0.2 

0.4 

0.3 

1.4 

0.4 

0.1 

0.1 

0.2 

3.3 




Uperniviky B^esfern Greenland (73°N., 

56° IF.) 




Temp, 

-7 -10 

-6 G 

25 

35 

41 

41 

33 

25 

14 

1 

16.5 

60.6 

Precip. 

0.4 0.4 

0.6 O.G 

0.6 

0.6 

1.0 

1.1 

1.0 

1.1 

1.1 

0.5 

9.2 



PRECIPITATION 

299. Amount and Distribution. Over most of the tundra lands 
precipitation is not over 10 or 12 in. (Fig. 108). In portions of eastern 
Arctic Canada, particularly Labrador peninsula, it is somewhat greater. 
Low summer temperatures and winter ariticyclonic conditions are, 
in general, not conducive to abundant condensation, while convectional 
effects are largely absent. Summer and autumn, the warmest seasons, 
are likewise the periods of maximum precipitation throughout the 
tundra as a whole. In the more marine locations, where cyclones are 
greater in number, fall and winter may show larger totals than summer. 
Precipitation is principally cyclonic in origin. Much of that which falls 
in the warm season is in the form of rain, with occasional wet snows. 








^44 THE PHYSICAL ELEMENTS OF GEOGRAPHY 


The meager winter snowfall is usually dry and powdery in character 
so that it forms a very compact cover. It is only this very compact 
snow, 2 in. of which may equal an inch of rain, that the Eskimos use in 
constructing their igloos. The actual amount of dry sandlike snow that 
falls is not easy to measure, since it is often accompanied by strong 
blizzard winds whicli heap it up in depressions and on the lee sides of 
hills, while at the same time sweeping bare the exposed surfaces. There 
are no forests, as in the taiga, to break the force of the wind and hold 
the snow cover. Stefanssoti estimates that 75 to 90 per cent of the sur¬ 
faces of the Arctic lands is m‘arly free of snow at all seasons. Hoth as a 
result of the small amount of snow and as a result of its strong tendency 
to drift, sledging commonly is difficult. 

11. Ice-cap Cliinale (EF)^ 

This least well known among the world’s climatic types is charac¬ 
teristically developed over the great permanent continental i(‘e sheets 
of Antarctica and Greenland and over the ])er])etually frozen ocean 
in the vicinity of the North Pole. Only fragmentary data have been 
obtained from these deserts of snow and ice where the average tem¬ 
perature of no month rises above freezing. 

300. TEMPKHATriRE. Tlic mean annual temperatun^ of interior 
Greenland has beiai calculatc'd to be —^5.0°; that of the South Pole 
— 22 to —31°; that of the North Pole —8.9°. These, without doubt, 
are the lowest annual temperatures for any jiortion of the (‘arth. 
Observed temperatures for the warmest months in the neighborhood 
of the South Pole, at the time of continuous insolation, were —8.7° 
(December) and —18.8° (January). A temperature of —58° has been 
recorded in the Antarctic Continent in this season, tinquestionably, 
therefore, Antarctica has the distinction of being the earth’s coldest 
.spot in summer. While the North J^ole and interior Greenland are 
certainly below freezing in July and August, they are far from being 
as cold as the South Polar plateau at the time of continuous day. To 
be sure, the figures given above are for interior portions of Antarctica 
and hence represent extreme conditions. Along the margins of that con¬ 
tinent warm-month temperatures are considerably milder (McMurdo 
Sound 25°, Little America 21°). 

During the period when the sun is constantly below the horizon, 
excessively cold weather prevails, although exact and reliable data 
are not available. On the Antarctic plateau the average winter-month 
temperatures arc probably in the neighborhood of 35 to 45° below zero. 
It is not impossible that in some of the wind-protected depressions 
1 EF. warmest month below 32® (0°C.). 
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of that region, cold-month and minimum temperatures are as low 
as those of subarctic northeastern Siberia. 

The inner portions of the ice caps, where permanent anticyclones 
with settling air prevail, are probably regions relatively free from 
storms and violent winds. Certain of their marginal areas, however, 
where there is a precipitous descent of cold air from the inland-ice 
plateau, are characterized by furious gales. But these regions of exces- 
siv^c stormincss appear to l)e local rather than widespread. It is likely 
that storminess increases from the centers towani the circumferences 
of the ice caps. 

Climatic Data foh a Repkehkntative If e-cap Station 
JAitle America^ Antarctic (\ynlincni (79°*S., 

J F M A M J J A S 0 N D Yr. Range 

Temp. 22 (9) (-7) -24 -27 -29 -S4 -29 -14 8.6 24 -11.3 58 

Precip. No data. 

301. Precipitation. If little is known about the temperatures 
of the ice-cap climates, still less is known concerning their precipitation. 
There is no doubt that it is nieager, and probably all of it falls as snow, 
most of it in the form of dry, hard, sandlike particles Avhich are readily 
driven before the wind. I'he origin of the precipitation over the ice 
caps is not well understood. In such regions, although melting is 
practically absent, there is some loss by evaporation as well as through 
glaciers moving out to the sea. Enough precipitation must be accounted 
for to offset these losses. No doubt a portion of the inland snow has its 
origin in the cyclonic storms that pass along tin* margins of the ice 
plateaus. It may, in part, result from condensation in the form of fine 
ice particles or as hoarfrost within the descending air of the polar 
anticyclones as it reaches the intensely cold ice surface. The rate of 
deposit is exceedingly slow, no doubt, but since it is seasonally con¬ 
tinuous, the total amount may be considerable. 

12. Highland Climates (H) 

30£. Altitude and Exposure as Climatic Controls. Next to 
the distribution of land and water, elevation above sea level is the 
most important control causing differences in climate in similar lati¬ 
tudes. The climatic effects of such elevated land masses as mountains 
and plateaus are expressed through the two factors (a) aliitvde and 
(b) exposure. 

It needs to be emphasized, however, that there is no such thing as 
a highland type of climate in the same sense that there is a savanna 
or a Mediterranean type. Almost endless varieties of local climates 
exist within a mountain mass, the atmospheric conditions varying 
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markedly with altitude and exposure and of course with latitude as 
well. The enclosed valley or plateau is very different climatically from 
the exposed peak; windward slopes contrast markedly with those 
having leeward positions, while flanks inclined toward the sun are 
dissimilar to those oppositely inclined. And each of these in turn is 
different at various altitudes and latitudes. Above an elevation of 5,000 
or 6,000 ft. marked differences in temperature are conspicuous between 
sunshine and shade, wind and calm. Representative temperature and 
rainfall curves for highland climates scarcely can be said to exist, 
and only the most flexible generalizations are broadly applicable. 
On Plate V, which emphasizes a relatively small number of simple 
types of climate, no attempt has been made to show the varieties of 
climate within great mountain masses. Instead most of the high 
mountain and plateau areas in low and middle latitudes have been 
included within one general group, highlaud climates. In contrast, 
regions of moderate elevation and relief, especially where there is 
considerable land utilization, have been included within the general 
climatic type characteristic of the surrounding lower lands, even 
though they may represent a modified form of the lowland climate. 
Up to an altitude of about 4,000 or 5,000 ft. the peculiarities of altitude 
climate are not j)rominent, but above 6,000 ft. they are usually very 
noticeable (cf. Plates V and VII). 

808. Atmospheric Pressitue in Mountains. At low elevations 
the minor changes in air pressure from day to day, or from season to 
season, arc directly imperceptible to the human body. However, th(» 
rery rapid decrease in the atmosphere’s weight with increasing 
elevation and the very low pressures that prevail in high mountains 
and plateaus cause this element to be a genuinely important one in 
highland climates. At an elevation above sea level of about 17,500 
ft., pressure is reduced to approximately one-half its sea-level value. 
The highest human habitations are found below this level, although 
there are said to be settlements in Tibet and the Bolivian Andes the 
elevations of which approach it. Physiological effects (faintness, head- 
aclie, nosebleed, nausea, weakness) of decreased pressure aloft are 
experienced by most people at altitudes above 12,000 to 15,000 ft. 
Sleeplessness is common, and exertion is difficult. Usually mountain 
sickness is a temporary inconvenience that passes away after a week 
or so of residence at high altitudes. Some persons, however, never 
become acclimated to the reduced pressure. 

Temperature and Insolation 

304. Insolation. Intensity of sunlight increases aloft in the 
cleaner, drier, thinner air of mountains. This is to be expected, since 
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(lust, moisture, and other principal scattering and absorbing elements 
of solar radiation in the atmosphere are much more abundant at lower 
elevations. On a clear day probably three-fourths of the insolation 
penetrates to 6,000 ft., but only one-half to sea level. The great 
relative intensity of the sun’s rays attracts the attention of nearly 
all persons going to high elevations. This intensity of insolation causes 
soil temperatures to be relatively high as compared with the cooler 
air temperatures. 

Insolation not only is more intense in the higher altitudes, but it 
also is proportionally richer in the shorter wave lengths of energy, 
or the violet and ultraviolet rays. One therefore burns and tans 
quickly in mountain sunlight. The greater therapeutic quality of this 
short-wave radiation is one reason for establishing many sanatoriums 
in the high(^r altitudes. 

S()5. Aik Tempekatuue. Probably of most fundamental impor¬ 
tance among the climatic changes resulting from increased elevation 
is the decrease in air temperature (about 3.3° per 1,000 ft.), and this in 
si)ite of the increased intensity of insolation. Quito, Ecuador, on the 
equator, at an elevation of 9,350 ft. has an average annual tempera¬ 
ture of 54.7°, which is 25° lower than that of the adjacent .Amazon 
Lowland. But although the clear, rare air at that elevation, which is 
incapable of alDsorbing and retaining much energy, remains chilly, 
the sun is intensely strong. It is a climate of cool shade and hot sun. 
Viscount Bryce has the following to say concerning his experience on 
the Bolivian plateau: “The keen air which this elevation gives has a 
fine bracing cpiality, yet there are disadvantages. One is never warm 
except when actually in the sunlight. . . . The inhabitants get 
accustomed to these conditions and shiver in their ponchos, but the 
traveler is rather wretched after sunset and feels how natural was Sun 
worship in such a country.” 

Climatic Data for a Highland Station in the Tropics 
Quito, Ecuador (9,350 Ft.) 

J F M A M J J A S 0 N D Yr, Range 
Temp. .54.5 55.0 54.5 54.5 54,7 55.0 54.9 54.9 55.0 54.7 54.3 54.7 54.7 0.7 

Precip. 3.2 3.9 4.8 7.0 4.6 1.5 1.1 2.2 2.6 3.9 4.0 3.6 42.3 

Vertical temperature gradients along mountain slopes are many 
times steeper than the most severe winter horizontal gradients on 
lowlands. In the low latitudes, by a railroad trip of only a few hours, 
one can be transported from tropical to polar climates. This fact of 
steep vertical temperature gradients in mountains is particularly 
significant in the low latitudes, where, as a result of the prevailingly 
high temperatures of the lowlands, people look with favor upon 
elevated regions where the^y are able to escape the oppressive heat. 
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Largely because of their lower temperatures, elevations in the tropics 
commonly become the centers of concentration for white population. 
In tropical Latin America, for instance, the capital cities of Venezuela, 
Colombia, Bolivia, and five of the Central American republics are on 
highlands. In British India, the so-called “hill stations’’ of the sub- 
Himalayas, such as Darjeeling, Simla, Murree, and Naini Tal, at 
elevations of 6,500 to 7,500 ft., become havens for white residents from 
the lowlands during the long, hot season. 

306. Temperature Zoues on Tropical Highlands. As a consecjuence 
oi die steep temperature gradients that characterize mountains, several 
zones of climate, with characteristic vegetation covers and crops, may 
be recognized. In the mountainous ])arts of tropical Latin America, 
four such zones commonly are delimited, tnz., the tierra caliente (hot 
lands), tierra templada (tem]>erate lands), tierra fria (cool lands), ami 
the cold paramos^ or puna. Quite naturally these altitudinal belts are 
not defined by identical elevations throughout the entire tropics. In 
general the bounding elevations become lower with increasing distance 
from the ecpiator. The lowest zone, or caliente^ normally extends from 
sea level to 2,000 to 3,000 ft. (annual temperature roughly 83 to 75°). 
Where precipitation is abundant it is characterized l)y a luxuriant 
vegetation cover of trees or of trees and tall grass and by such crops 
as rubber, bananas, and cacao. The tierra templada lies above the 
caliente and extends up to 6,000 or 6,500 ft. (temperature roughly 
75 to 65°). Within this climatic belt is produced a great variety of 
crops, among them coffee, maize, tea, cotton, and rice. Tierra fria, 
lying above the templada, prevails up to 10,000 to 11,500 ft. (tempera¬ 
ture 65 to 54°). There middle-latitude crops such as wheat, barley, 
apples, and potatoes are at home, and the pastoral industries fre¬ 
quently are well developed. At still higher elevations are the cool or 
cold paramos, in which the raising of crops is relatively unimportant, 
although grazing may still persist. Trees are not uncommon in lower 
parts of the paramos, but its higher elevations are the zone of alpine 
meadows. Above heights of 14,000 to 15,000 ft. the zone of perpetual 
snow is usually encountered. Local trade of considerable importance, 
fostered by this temperature zonation of products, is carried on be¬ 
tween the inhabitants at various altitudes. 

307. Seasonal Temperatures. The lower temperatures at elevated 
sites have led to the statement that mountains in the tropics enjoy 
perpetual spring. Quito’s annual temperature of 54.7°, for instance, is 
not greatly unlike the May average at Madison, Wis. However, the 
great variety of elevations within a tropical mountain mass obviously 
results in all gradations of temperature. 
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But although the thermometer stands lower on a tropical mountain 
than it does on an adjacent lowland, both locations have a similar 
uniformity in monthly and daily temperatures. Small seasonal ranges, 
and the same monotonous repetition of tlaily weather, belong alike to 
tropical highlands and plains (Fig. 110). At Quito, for instance, the 
temperature differiuice between the warmest and coolest months is 
only 0.7*^, which is even smaller than that of the Amazon Lowlands in 
the same latitude. Mexico (uty at 7,474 ft. has an average annual tem¬ 
perature 17° below that for Veracruz on the coast, yet their annual 
ranges arc almost identical—11.5 and 11° respectively. One climatolo¬ 
gist has stated the situation tersely by saying: “The pitch changes; the 
tune remains the same.” 
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Fig. 110. —Daily maximum and minimum temperatures for a hi^»bland station in the 
tropics. {Courtesy of Mark Jefferson and the Geographical Review.) 

308. Middle-latitude Highlands, While within the tropics moun¬ 
tains and plateaus may be climatically desirable because of their lower 
temperatures, this same characteristic causes highlands in the middle 
latitudes to be climatically inferior to lowlands. The difference lies 
in the fact that tropical lowlands have an excess of heat, so that any 
reduction of temperature with altitude usually is counted as an advan¬ 
tage, for human comfort as well as for the greater variety of products 
that can be grown. In the middle latitudes, on the other hand, even 
the lowlands usually are none too warm, so that reduction of temjiera- 
ture with altitude, causing a cooler summer and shorter growing 
season, materially decreases the opportunities for agricultural pro¬ 
duction. In other words, there are fewer utdizahle temperature zones 
in middle-latitude highlands. 

Climatic Data fok a Repuesentative Altitude Station in Middle 

Latitudes 

Longs Peak, Colo, (8,956 Ft.) 

JFMAMJJASONDYr, Range 
Temp. 23 22 26 33 41 51 55 55 48 39 31 24 37 33 

Precip. 0.7 1.2 2.0 2.7 2.4 1.6 3.6 2.2 1.7 1.7 0.9 0.9 21.6 




860 THE PHYSICAL ELEMENTS OF GEOGKAPHY 


Precipitation 

309. Increased Precipitation in. Mountains. Precipitation 
increases with altitude up to a certain elevation (usually 4,000 to 
7,000 ft.), a zone of maximum above which it begins to decline. Thus 
on a rainfall map mountains are conspicuous as “islands” of heavier 
precipitation (Plate II). This fact is admirably illustrated by the 
Pacific Coast mountains of the United States or The Himalayas in 
Asia. The reasons for the increased precipitation in highlands has been 
discussed in an earlier section of this book (188). Above an elevation 
of 6,000 or 7,000 ft. the lower temperature, and hence lower absolute 
humidity of the air, usually causes a falling off in the amount of 
precipitation. 

It is especially in dry climates, no matter in what latitude, that 
the heavier rainfall of highlands is of such critical importance. In 
regions of drought, mountains, besides l)eing “islands” of heavier 
precipitation, are islands of heavier vegetation cover and more abun¬ 
dant agricultural production as well. In both arid and semiarid lands, 
highlands are likely to bear a cover of forest in contrast to the njcager 
grass and shrub vegetation of the surrounding drier lowlands. The 
Black Hills of western South Dakota arc “black” because their dark- 
green forests present such a color contrast with the tawny-hucd steppes 
surrounding them. Not only are settlements attracted to the humid 
slopes and to the well-watered mountain valleys, but streams, descend¬ 
ing from the rainier highlands, carry the influence of highland climate 
far out on the dry lowlands. Thus the Yemen Highlands in southern 
Arabia, and the adjacent lowlands watered by its rivers, are a garden 
spot and the principal center of settlement in that otherwise largely 
desert country. In eastern North Africa the Ethiopian (Abyssinian) 
Highlands are a similar “culture island,” while the Nile floods have 
their origin in this same mountain knot. The waters of the Colorado 
River, with its principal sources in the Rocky Mountains, make possible 
the agricultural utilization of the dry Imperial Valley of southern 
California, over 700 miles distant. From the Andes come the 50 or 
more small streams that, crossing the Peruvian Desert, nourish the 
parallel irrigated strips of that otherwise waste land. 

Winds 

310. On exposed mountain slopes and summits, where ground friction 
is small, winds are usually strong. Mountain valleys, on the other hand, are 
particularly well protected against violent winds. Owing to the great variety 
of relief and exi>osure in highlands, there are also a number of local winds 
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characteristic of such areas. The diurnal reversal of wind direction, upslope 
by day and downslopc by night, has been discussed previously under the 
head of mountain and valley umids (98). 

311. Foehn, or Chinook. Still another local vertical wind, characteristic 
of mountains, is the cyclonic-induced foehn, which in the United States and 
Canada is known as the chinook. It is a relatively warm, dry wind which 
descends a mountain front wJien a cyclonic storm causes air to cross the 
range from the opposite side of the divide (Fig. 111). For example, as a 
well-developed low travels southeastward down the Great Plains, parallel¬ 
ing the Rtxrky Mountain front, air is induced to ascend over the Rockies 
from the western side and descend their eastern slopes. The relatively high 
temperature and aridity of tlie chinook originate as follows: As the air 



Fig. 111. -Diagrammatic representation of foehn or chinook winds. 


ascends on the western side of the Rockies, condensation occurs, so that the 
rising air reaches tlie top of tlie <Hvide with much of its moisture gone hut 
still retaining a relatively high temperature as a result of liberation of heat of 
condensation during ascent. As this air descends on the side of the mountain 
toward the cyclone, it is further heated by compression and made relatively 
drier, so that it arriv^es at the eastern base of the Rockies as a mild, arid 
wind. The warmth of the chinook, therefore, is of dual origin: (a) heat of 
condensation and (h) heat resulting from compression. Usually its tempera¬ 
ture is not over 40° in winter, but this appears very warm, by contrast at 
least, after a period of anticyclonic weather with intense cold. If snow lies 
on the ground, it vanishes as if by magic before the warm blast of the 
chinook. A rise in temperature of 40° within 24 hr. is not imusual. At Kipp, 
Mont., there is the extraordinary record of a 34° rise within an interval of 
7 min. The genuine cliinook country is tlie High Plains at the eastern foot 
of the Rockies from southern Colorado northward to the limits of settle¬ 
ment in Canada. The milder winters of this western portion of the plains, 
as compared with regions farther east, are associated with the prevalence 
of these local mountain winds. Here the snow cover is less persistent, so 
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that grazing can go on throughout the winter. Foehn winds are by no means 
confined to the eastern Rocky Mountain foothill country but, on the con¬ 
trary, arc found in almost all mountain areas where cyclonic storms are 
prevalent. No doubt the region where they are best known is the Swiss 
valleys on the northern side of the Alps. 

Daily Weather 

312. In highlands the weather changes within the 24-hr. period are 
likely to be greater than they are on adjacent lowlands. Violent changes 
from hot sun to cool shade, from chill wind to calm; at one period gusts 
of rain or possibly snow% and then again intense sunlight- such is the 
erratic nature of the daily weather. Even within the tropics, the com¬ 
plex sequence of daily weather stands out in marked contrast to the 
uniformity of temperature conditions belvveen the months. 

“The night and early mornings are cold and raw\ but the powerful sunshine 
raises the temperature rapidly, and by noon it feels hot in the sun, though in 
the shade it is still cool. About midday clouds gather and there is often a 
violent thund(‘rstorin in the afternoon with heavy rain, hail, and frecpicuitly 
snow'. These clouds and storms are essentially convectionul, and they die 
aw’ay after the heat of the day which caused them. . . . The early mornings 
are fine, and the air at these great altitudes (Quito, Ecuador) is remarkably 
clear; but in the afternoons the clouds hang low^ over the gloomy landscape, 
and hail, snow, and rain chill the air, so that the mountains arc almost invari¬ 
ably hidden."^ 

^ Kendrcw', “The ( limates of the Continents,' p. 820 
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313. The earth upon wJiich man lives is characterized by great and 
often pleasing variety in its surface features. High lands and low, level 
exjjanses and steej) slopes, plains, jdatcaus, hill lands, and mountains 
are arranged in endless combinations which furnish the stage upon 
wdiich the play of human life is enacted. Because there are so many 
kinds of landforms, it may sometimes seem that they are distributed 
over the earth w ithout order and that an uiuhTstanding of their nature 
and arrangement is beyond the ability of the beginning student. Such 
is not the cast*. It is quite as possible to understand the meaning of 
(*arth features and t o perceive them in their interrelationships as it is to 
reach an understanding of the major climatic types of the world. 

The study t)f climates in the preceding chapters was approached 
through a consideration of the elements and processes of the atmos¬ 
phere. In the same manner, the study of landforms may be approached 
through a brief survey of the materials of which they are composed and 
the processes by which they originate. Although the student of geog¬ 
raphy is interested primarily in the shapes and patterns of the surface 
features of the land and in their human utility as elements of the re¬ 
gional equipment, a clear understanding of them is best reached 
through at least a brief survey of the substances of which they are made, 
of the agents that are involved in their origin, and of the processes by 
which they originate or by which their shaping is accomplished. It is 
tJie object of Sec. C (Chaps. XII, XIII) of this book to furnish that 
brief survey, reserving for Sec. D the details of interpretative descrip¬ 
tion relating to the appearance of landforms produced by the work of 
the various agents. 
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Chapter XII. Earth Materials and 
the Tectonic Processes 


Earth Materials 

314. Important Earth Elements. The earth’s crust (litho¬ 
sphere) is ef)mposed mainly of rocks. Rocks are aggregations of 
minerals, and miiK'rals are cliemical elements or combinations of them. 
It is probable that the entire list of 92 chemical elements is present in 
the earth, but many of them are extremely rare. Some others are 
more common but still do not make up a great part of the litho¬ 
sphere. Of them all only eight are abundant. 

Oxygen is th<‘ most abundant of these. In an array of combinations with 
other elements it (‘omjmses about 46 per cent of the known crust of the 
earth. Silicon is next most abundant, for it combines with other elements 
so commonly that it makes up nearly 28 per cent of the total mass. Six other 
elements together make up 24 per cent of the total. They arc, in tlie order of 
their abundance, alwnitmm,, iroiiy calcium^ potassium^ sodium, and magne¬ 
sium. The remaining 2 per cent of the earth’s crust includes a long list of 
elements some of which, though small in amount, are of critical importance 
in human affairs. In this group are such as radium, platinum, gold, silver, 
and various of the semiprecious minerals. 

315. Minerals are sometimes composed of single chemical ele¬ 
ments, such as pure copper or gold. More commonly they are combina¬ 
tions of two or more elements in chemical union. A given mineral 
always includes the same constituent elements in the same proportion, 
and in most cases it has its own distinctive crystalline form. In such 
minerals the elements are united in molecules which are very different 
from any of the constituent elements. Thus iron, a metallic element, 
may unite with oxygen, a gas, and water, a liquid, to form a soft 
brown earthy mineral, limonite, which is familiar as iron rust. The list 
of known minerals is a long one containing many hundreds of names, 
but, as in the case of the elements, a few of the many are so much more 
common than the others that they make up the bulk of the lithosphere, 
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Of these, quartZy a hard glassy mineral which is a combination of silicon 
and oxygen, is most important. It is the substance of common sand. 
Also important arc the feldsparSy a group of light-colored minerals 
including combinations of silica, aluminum, and oxygen with various 
other elements such as sodium, calcium, or potassium. The decomposed 
fragments of the feldspars, together with some fine sands and other 
substances, make up the bulk of ordinary clays. A third group is the 
ferromagnesian m/ineralsy dark heavy combinations of silica with iron, 
magnesium, and other elements. Some minerals include several 
chemical elements which are combint'd in an extremely complicated 
manner. 

316. Rocks. Minerals, singly or in association, make up th(‘ rocks 
of the earth's crust. In rocks the component, minerals exist se})arately 
and not in chemical combination. Moreover, the component minerals 
in V'arious specimens of the same class of rock are not necessarily 
identical in kind or amount. They are locked together in an almost 
infinite array of physical combinations the ])atterns of which depend 
upon various things, especially the nature and proportions of the 
component minerals, their peculiarities of crystalline structure, and 
the history of the rock since its origin. It is clear that, since there 
are hundreds of minerals that may be combined in a great variety of 
ways and proportions and then subsequently changed by events in the 
history of the rock, the total number of different kinds of rock is very 
large. The many kinds can be grouped, according to their origin, 
into three general classes: (a) igneous, (6) sedimentary, and (c) meta- 
morphic rocks. 

317. Igneous rocks are those which have been solidified from a 
molten state (Fig. 113). Even though they all are alike in that respect, 
they still are of great variety and may be grouped in different ways, 
such as (a) extrusive or intrusive, (b) coarsely or finely crystalline, and 
(c) acid or basic, according to the chemical nature of their predominant 
minerals. Although there are some notable exceptions to the rule, it is 
generally true that the igneous rocks are compact, of low porosity, and 
resistant to erosion as compared with those of sedimentary origin. 

Classes of Igneous Rocks. Extrusive rocks are solidified from 
molten materials poured out upon the earth's surface. Such are the pro¬ 
ducts of a volcano of which lava, pumice, and finely divided rock particles 
called ash are examples. Some molten rocks, however, are pushed from 
within the earth tow^ard the surface but, never reaching it, are left to 
cool slowly deep underground. These are called intrusive, although later 
they may be widely exposed by the removal of the covering layers. 
Granite is a n^ck of that class. 
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Extrusive rocks orrliuarily are cooled quickly, giving little time for 
the collection of molecules of similar sorts into crystals of aj)preciable 
size. Such are, therefore, fiiu^ly crystalline, or they may have no crystals 
at all and are then classed as volcanic glass. Intrusive rocks, when 
introduced in giant masses well below the surface, may have their 
cooling and solidification delayed for thousands of years. During that 
time minerals of like nature come together in the liquid and build up 
a coarse, interlocking crystalline structure. 

Igneous rocks are called acidic rocks if their minerals are predom¬ 
inantly quartz, or others high in silica, and if they are light in color 
and have only minor amounts of the ferromagnesian minerals. Granite 
is such a rock, and commonly it has crystals so coarse as to be plainly 
visible. Others, in which the princijial mincTals arc of the dark, heavy, 
ferromagnesian groups, and in which quartz is less abundant, are said 
to be basic rocks. Gabbro and basalt are exarniiles of basic rocks. 

The significance to the student of geography of these major dis¬ 
tinctions between classes of igneous rocks lies in the differences in 
landforins produced by and dev^eloped in them, in the qualities they 
imj)art to some soils derived from them, in their relation to the origin 
of mineral ores, and in their comparative (pialities for structural and 
other human uses. For examjde, the acidic rocks, being high in quartz, 
do not readily decompose and are therefore good structural materials 
and they also are likely to resist erosion and form conspicuous relief 
features. The ferromagnesian minerals, on the contrary, decompose 
more readily, and rocks composed of them are not commonly used in 
building. Neither are they so commonly the cause of prominent surface 
features. 

318. Sedimentahy rocks are principally such as have been 
deposited as sediments. Some are the deposits of wind and streams 
on the land, but more largely they are put down in bodies of water 
such as lakes or, especially, the sea. They may be derived from mate¬ 
rials that are rolled about by waves, like sand or gravel; or, like clay, 
are suspended in the water; or, like lime, are carried in dissolved form. 
Usually the sediments are deposited somewhat according to their 
size or weight and therefore accumulate in beds of similar nature which 
cover considerable areas. The process of deposition of most sedimentary 
rocks appears not to have been perfectly continuous for lengths of 
time sufficient for the building of great thicknesses but to have been 
interrupted. The interruptions are marked by changes, often slight, 
in the kind or quality of deposit which results in the formation of 
distinct layers, or strata, which are separated by planes of weakness 
called bedding planes (329, Fig. 112). Hardened sediments often are 
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called stratified rock. The principal place of deposition for sediments 
is the nearly level floor of the shallow seas near present or former shore¬ 
lines. The normal attitude of most sedimentary strata is, therefore, 
practically horizontal, and when such rocks are found in positions 
greatly inclined from horizontal it is an indication that there has 
been a disturbance of the materials after their deposition. The proc¬ 
esses by which ocean-bottom sediments become elevated to form part 
of the continental surface are reserved for future consideration. Here 
it may be noted merely that such is the fact and that the soft ocean 



Fig. 112.— Stratified rock. An exposure of thin-bedded sedimentary rock grading upward 
into regolith and soil. {Wisconsin Geological Survey Photograph.) 


sediments become consolidated into rock by compression, resulting 
from the great weight of the overlying accumulations, or by the 
cementing action of infiltering chemical materials. The principal 
classes of sedimentary rocks are (a) sandstone, {h) shale, and (c) 
limestone. However, the distinction between them is not always sharp 
since the materials often were intermingled as sediments or are graded 
from sands into muds or from muds into limy deposits, with increase 
in distance from the shoreline. Thus, there are sandy or shaly lime¬ 
stones, limy sandstones, etc. The classes of sedimentary rock differ 
considerably in their relations to landforms, soil origin, and other as¬ 
pects of regional character. 
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319. Sandstone is comprised mainly of sand, coarse or fine, most of 
which was washed by the waves of ancient seas and deposited in 
shallow waters along their shores. The hardening of the sands into 
rock is accomplished by infiltered clay or lime, or sometimes silica or 
iron, deposited from solution. These act as cements, attaching the sand 
grains together, in some instances firmly, in others poorly. Some sand¬ 
stones arc well cemented and are in comparatively thieJe beds (massive 
sandstone) while others are so poorly cemented or so thinly bedded 
that they disintegrate readily upon exposure. Because of their composi¬ 
tion, most sandstones arc comparatively porous and permeable to water, 
but the silica of which they arc composed is relatively insoluble. There¬ 
fore, massive sandstones often stand in cliffs or ridges while less resist¬ 
ant rocks are wasted away. 

Closely allied to the sandstones are rocks called conglomerate. 
Idiese are composed of coarse gravels, pebbles, or boulders which are 
imbedded in, and held together by, a ground-mass usually of sand¬ 
stone, much after the manner of man-made concrete. 

3!20. Shale is consolidated mud (clay or silt). It may contain lime 
that acts as a cement, or it may be hardened as a result of compression 
by the great weight of overlying rocks. Usually, shale is a relatively 
nonresistant rock which disintegrates easily upon exposure at the sur¬ 
face, and because it yields readily to the attacks of the elements it often 
gives rise to lowlands and to clay soils. However, it is comprised of fine 
grains and has small })ore spaces. It is, therefore, a compact insoluble 
rock and docs not readily permit the movement of water underground. 

321. Limestone is a rock produced by the compacting of limy sedi¬ 
ments, derived from chemical precipitates of lime in sea water or from 
the fragments of shells. In some places arc found thick deposits of 
nearly pure limestone (calcium carbonate). More commonly they con¬ 
tain admixtures of othcj materials, especially sand or clay. Bodies of 
dense siliceous material also are found in limestones and are recognized 
as bands or masses of cherU or flint. Some limestones are compact and 
hard, others soft and porous. The latter are called chalk and are ex¬ 
emplified in tlie ranges of hills in southern England and the famous 
chalk cliffs of Dover. Some limestones are ridge makers, whereas others 
give rise to lowlands. The different classes of features to which they 
give rise depend largely upon differences in climate and in the com¬ 
position of the limestones concerned. Unlike most rocks, pure lime¬ 
stones are readily soluble in ground water and through long-continued 
solution sometimes develop interior cavities or even great caverns, such 
as the Mammoth Cave of Kentucky. It is because of their solubility 
that limestones in regions of humid climate commonly, but not always, 
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give rise to lowlands, while those in regions of dry climates commonly 
stand out as features of striking relief. A closely related rock, called 
dolomite^ which is calcium-magnesium carbonate, is much less soluble 
than limestone and commonly is a ridge maker, even in regions of 
humid climate (389). 

322. Less Abundant Sediments, Not all sediments are of marine 
origin. Some appear to luive Ix^en dejiosited in shallow coastal bays or 
marshes. Among these are organic deposits such as coal, iron-bearing 
sediments such as bog iron ore (limonite), and other forms of iron 
deposits. Some clearly have been deposited by streams or the wind, 
and still others are rocks })eliev'ed to hav’^e resulted from deposits in the 
evaporating waters of interior basins or coastal lagoons in arid climates. 
Such are rock salt and gypsum. 

323. Metaiviokpihc koc’Ks are derived from rocks of any other 
sort by processes of change. The commonest causes of change are 
pressure, heat, and the cementing action of percolating waters under¬ 
ground. In some metamorphic rocks the change ap]>ears to have been 
produced in a relatively short time (geologically speaking) by means 
of the great pressures exerted in the warping and bending of rocks in 
the progress of mountain building or by the great heat resulting from 
the introduction of molten lavas into older rocks or by both at once. 
Other rocks apjiear to have been changed l)y the extremely slow proc¬ 
esses carried on through the alteration or replacement of minerals by 
underground waters. 

Metamorphism in some rocks has involved a change so great as to 
produce minerals not present in the parent rock. Some of the valuable 
mineral ores are formed in that way. In others the changes arc mainly 
those of form produced by recementation, by recrystallization, or re¬ 
arrangement of the crystals. 

324. Common Metamorphic Rocks, Metamorphism affects both 
igneous and sedimentary rocks and so generally that nearly every 
common rock has a well-known metamorphic equivalent. Granite, 
for example, may be metamorphosed into a gneiss or schist. A sand¬ 
stone metamorphosed becomes a quartzite, a rock of extreme hardness 
and resistance to erosion. A shale subjected to great pressure has its 
particles flattened and arranged parallel so that the rock readily splits 
or cleaves. It is called slate, a rock of considerable economic value. A 
pure limestone, under similar proces.ses, becomes recrystallized, some¬ 
times takes on a translucent or waxy appearance, and is called marble. 
Bituminous coal becomes anthracite when metamorphosed or, if the 
process is carried far enough, graphite, the substance used in pencil 
leads. 
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In several parts of the earth are vast areas of rocks of great age. 
Some, doubtless, originally were igneous, others sedimentary. What¬ 
ever their original nature, they have been subjected, during the long 
progress of geological time, to deformativc processes. In some regions 
these processes have been repeated on a vast scale more than once. 
As a result the rocks of these regions generally are metamorphosed to a 
high degree and have been largely recrystallized. Regions of that kind 
are sometimes broadly characterized as “areas of ancient crystalline 
rocks" (Fig, 176). 

325. Roc k and Mantle Rock. Over most of the land surface 
of the earth the solid rock of the earth’s crust is buried underneath a 
covering layer, thin or thick, of disintegrated and decomposed rock 
fragmemts. This material is named regolith but is sometimes called 
mantle rock (Fig. 112). Not (‘verywhere is the regolith sufficiently 
thick to cover the underlying rock. On steep slo])es almost everywhere, 
and in some regions ovct large areas generally, the bare and solid rock 
may be seen. These exposures arc briefly described as outcrops. Through 
the nature and attitude of the roetks displayed in widely scattered out¬ 
crops geologists are able to form intelligent opinions as to the kind, 
distribution, and extent of the rocks buried underneath the regolith. 

326. Lithic Regions. The rcjcks that underlie a region are 
associated in many significant ways with other of its natural and 
cultural features. For example, there is in some placc‘s a close relation¬ 
ship between the underlying rocks and the soil, since the regolith is 
the parent material of the soil and in some places is the principal 
constituent of the soil itself. The nature and structure of rocks often 
are reflected in the details of relief features and in the kinds and dis¬ 
tribution of mineral resources. In many regions the rocks are of 
such different kinds, and change from one kind to another within 
such short distances, that they may be described only as regions of 
complex rocks. However, there are certain large regions in each of 
which a single class of rocJvs, such as recent sediments, older and more 
altered sediments, igneous rcxJks, or ancient crystalline rocks, is so 
widespread that it imparts at least some degree of fundamental unity 
to the region in which it is dominant. The larger of the world regions 
of rock similarity are worthy of consideration in connection with 
matters to be noted later. They are shown in Plate VI, which is entitled 
“Lithic Regions." 

The Surface-molding Forces 

327. The Origin of Landforms. The major subdivisions of the 
earth ^s relief features are the great depressions which contain the 
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oceans and the broad elevations which are the continental platforms. 
Upon the bottoms of the ocean depressions there are features of a 
smaller order of size about which comparatively little is known 
because they are covered by water. Upon the tops of the continental 
platforms also are other features of a smaller order of size about which 
a great deal is known and with which people have daily and intimate 
concern. They arc the high mountain masses, the broad plateaus, 
rough hill regions, and extended plains. Of a still smaller order of 
magnitude are the local features, hill or gully, dale or plain, which are 
a part of the immediate environment of every community. 

Land forms, whether large or small, result from the interaction of 
certain forces with the materials of the earth’s surface through longer or 
shorter periods of time. Some of the forces may be described as geologic, 
some as climatic, and still others as biologic. They accomplish their 
various kinds of work by means of 'processes of whose operation at least 
the rudiments must be understood. The forces work by means of these 
processes upon an earth crust made up of rocks of different kinds and 
degrees of resistance, arranged in different positions and attitudes 
wnth respi'ct to each other and the surface of the earth. 

328. Thk Time Element in Physical (Ieocjraphy. The student 
of landforras and the processes by means of which they have evolv^ed 
must adopt a different conception of time from that employed in 
considering the events of human history. Although some of the proc¬ 
esses of nature are sudden and violent, accomplishing notable results 
in a short space of time, such are the exception rather than the rule. 
Most of the common landforms have been produced by the slow^ and 
long-continued operation of forces and processes still at work. Explana¬ 
tion of the fact that they are able to produce so little effect within a 
lifetime or within the span of human history requires merely the use 
of a different time scale for their measurement. 

It is estimated by geologists that the age of the earth may possibly 
be billions of years. Of this vast span of time the record of the 
first two-thirds is vague and nearly lost in antiquity. It is like that long 
period in human development before man learned how to make any 
written record of his doings. More is known of the latest one-third 
of earth history (around 500 million years). But even that time is 
so long that it dwarfs human history to a moment by comparison. 
However, most of the present landforms of the earth trace their 
origins to events in that time and especially in the later or more re¬ 
cent periods of that time. It is not desirable to enter here upon a study 
of the periods of time into which geologic history is divided, although 
it may be convenient, in some connections to make references to them. 
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As a basis of reference, and to provide a better conception of the time 
element in the evolution of landforms, as well as for its general interest, 
a simplified form of the geological column is reproduced in Appendix E. 
This tabular arrangement of the periods of earth history in major 
outline shows also some of the principal events in the biologic sequence 
which geological science has interpreted from the records of the rocks. 

3£9. The Forces Involved in Surface Molding. The various 
forces involved in the production and alteration of landforms may be 
grouped for convenient study in more than one way to suit different 
objectives. For the ])resent purpose it will be helpful to think of them 
as b(‘longiiig to two major groups: (a) those forces that originate 
within the earth and (6) those that originate from withouU or beyond, 
tli(' earth. 

The members of the first group derive their energy mainly from 
elianges occurring in ih(‘ earth’s interior, changes such as heating 
through radioactivity or chemical recombination, expansion or con¬ 
traction, or the removal of li(|uid material from one place to another. 
This group may be called the tectonic fon^es. They are made manifest 
through processes called diastrophis^m and vulcanisniy which include 
the breaking, bending, and warping of the earth’s crust, including its 
eh‘vation ami <lepression, and the expulsion of molten rock from the 
interior outward. The tcndefwp of the tectonic forces and their processes 
is to cause differences in surface elevation on the earth and, by heaving 
iij) the crust here and depressing it there or by pouring out upon it 
great masses of molten lava, to construct surface features of great 
height and ar(‘al extent. 

The members of the second group derive their energy mainly from 
the sun. They may be called the forces of gradation. They operate largely 
through the work of agents such as wund, running water, moving snow 
and ice, and living organisms. The tendency of the forces of gradation 
and their processes is to bring the surface of the land to a uniform low slope 
or grade. This is done by tearing down all elevations, such as may 
be produced by the tectonic forces, and by filling up depressions. 
The processes of gradation arc of two types. These may be called 
degradation and aggradation. Under degradation may be incluj|ed all 
the procesvses by which lands that stand higher than the level of the 
final slope, or grade, are brought down to it. Conversely, under 
aggradation may be included all the processes that tend to fill the sea 
margins, tectonic basins, and other depressions with sediment and thus 
bring them up to grade. The process of degradation itself may be 
thought of as consisting of three steps: (a) the preparation of rock 
material for removal, (6) the picking up of the rock fragments, and (c) 



204 THE FHY8ICAE ELEMENTS OF GEOGHAFHY 


their transportation. The process of aggradation consists of the 
deposition of the fragments. 

The force of gravity operates in conjuncUon with both the tectonic 
and gradational groups. It doubtless is inlimalely concerned with the 
contraction of the earth and, hence, with various diastrophic and vol¬ 
canic consequences arising therefrom. It is concerned also with the 
work of the wind, of running water, and of moving glacial ice. Solar 
energy, to be sure, indirectly causes differences in atmosplieric pres¬ 
sure and the evaporation of the moisture which descends u])on the 
land as rain or snow. But it is gravity that causes winds to blow and 
streams and glaciers to flow and do gradational work. 



Fig. lia.—Jointing in granite. Joint planes coiiiinonly tuviir in sets all the members 
of which trend in the same direction. The .sets may be vertical, inclined, or horizontal. 
{U. S. Geological Survey Photograph.) 

The two groups of forces, tectonic on the one hand and gradational 
on the other, are at work continuously and, therefore, are in endless 
conflict. The one causes features having differences in elevation; the 
other tends to reduce them to a low and uniform plain. The hills, 
valleys, and other relief features that now exist are the present, but 
temporary, expression of the state of this perpetual battle. 

The Tectonic Processes 

Diastropiiism 

330. Crustal Fracture. It is well known that any rock, under 
sufficient stress, will break. Stresses sufficient to break even the massive 
rocks of the earth’s crust are believed to originate in several possible 
ways, such as (a) the slow movement of plastic material from one place 
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to another underneath the earth’s crust, (b) the redistribution of sur¬ 
face loarl caused by the removal of material from one part of the sur¬ 
face and its deposition elsewhere, or __ 

(r) expansion or shrinkage of the earth y" ^ 

as a whole. Stresses sufficient to cause 
erustal distortion have developed so ^ /' 

many times that the solid rock is 

nearly everywhere traversed by cracks A 

call(‘d joints. These are so numerous 

near the surface that the hard exterior M 

of the earth must r(‘sem})le the crack- ^ ^ 

l(‘d glaze on a piece of antique china 
(Fig. 118). However, the joints become 

smaller and fewer with depth and B 

1k‘1ow a dozen miles or so are believed 
not to exist. This cracked surface zone 
is called th(‘ zone of fracture. The 

joints permit the water of lh(‘ ground V.. \'Mm 

to circulate more freely within the 

rocks and enabh' the agents of grada- Q 

tion to work more rt‘adily. In some Fig. 114. -Diagram to show the 

places also they play a i>art in the f’*"” j" 

\ . , sedimentary rock. (.1) the strata. 

details oi shape in landlorms. before faulting; (li) fault, showing 

Under severe stresses rocks not direction of displacement and the 

only break but sometimes move along ') roduotion of the 

1 1 fault scarp by erosion to a dissected 

the plane ot fracture and are displaced, fault-line scarp. 

Such di.splacements are called faults. 

The motion that produces the dislocation often is sudden but usually 
is limited in amount to fractions of an inch or a few feet. The dis- 

^ ' . placement is sometimes in a 

vertical direction, the rocks 
'y'-'' ' i on one side of the fault being 
-V ^ ' j elevated as compared with 
those on the other. Then a 

.. (V cliff is produced which is called 
Fig. 115. “A diagram to illu.stratc the ^ i. o i* 

manner of displacement in a CQinpres.sional scarp, bonu* aults art‘ 

fault. The dotted lines show the volume of rock produced by tcnsional or 
removed by erosion during the growth of the stretching forces as in Fig. 

fault-line scarp. i ^ n .i i 

114^, B; others by compres- 

sional or crowding forces, as in Fig. 115. In some faults the displace¬ 
ment is horizontal rather than vertical, resulting in the breaking and 
offsetting of roads and boundary lines. 




Fig. 115. “A diagram to illu.strate the 
manner of displacement in a CQinpressional 
fault. The dotted lines show the volume of rock 
removed by erosion during the growth of the 
fault-line scarp. 
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When many successive vertical faults occur along the same plane at 
intervals during thousands of years, the resulting escarpment along 
the line of the fault plane may attain the size of hills or even moun¬ 
tains (Fig. 116). Most of the Basin Ranges in Nevada are the result of 
tensional faults which have uptilted great masses of rock, and so is 
even the towering east face of the Sierra Nevada Mountains of Cali- 



Kig. 116 . —The latest step in the growth of a great fault-line scarp. Above is the 
front of the Wasatch Mountains, a fault-line scarp. Parallel to it, the low scarp of a 
recent fault is shown by the dark line that traverses the piedmont alluvium. (U. S. 
Geological Survey Photograph.) 

fornia. The Lewis Range of Montana, in Glacier National Park, is 
likewise the result of faulting but of the compressional type, which 
caused the broken edge of the rock layers to slip up over the rocks of 
the adjacent plains and ride out upon them for a distance of several 
miles. These giant displacements required a long time for their accom¬ 
plishment during which the growing escarpments were attacked by 



F'ig. 117.—A diagram to illustrate block faulting and the formation of a graben and 
horst. The arrows indicate direction of relative displacement. 


destructive agents, lowered, and carved up into mountain peaks 
(Figs. 114C, 115). 

In a few places in the world parallel faults of great length have 
permitted the segments of earth between them to drop down. These 
become broad valleys, flanked on either side by fault scarps, and are 
known as graben^ or rift, valleys (Fig. 117). Of this origin are such 
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famous valleys as the Lowlands of Scotland, the upper Rhine Valley, 
the depression in which the Dead Sea lies, and those vast trenches in 
East Africa occupied in part by lakes Tanganyika and Nyasa. In 
other places the land between parallel faults has been elevated rather 
than depressed. The result is a blocklike mountain uplift called a 
horsL Some of the Basin Ranges are of that origin. To some extent 
faulting has a part in the making of almost all mountains. 



Fkj. 118 . —Synclinal and anticlinal mountains. The complicated folds and faults of 
some mountains have been studied and from the eroded remnants which make up the 
present mountains great structures have been projected. These probably never existed, 
as such, because they were eroded as they were formed. (See also Fig. 241.) 


831. Crustal Bending. In certain earth deformations the 
stresses have been applied to rocks so slowly or under such conditions 
that instead of fracturing they bend or even fold. The bends and folds 
may be either small or of mountainous proportions and either simple 
or complicated. In some mountain regions sedimentary rock strata 
have been shortened by 
horizontal compression and 
have been pushed up into a 
series of wavelike folds 
(Fig. 118). The arch, or 
crest, of one of these folds 
is called an anticline, and 
the trough of the wave a 
syncline (Fig. 119). In the 
Alps and some other moun¬ 
tains the folding has been 
so intense as to cause the 
wavelike structures to close 
and tip over. In most folded 
mountains the arrangement 
of the rocks is further complicated by the fact that severe folding has 
been accompanied by faulting and, in many places, by intrusions of 
igneous materials also. The present mountains of highly folded regions 
seldom reproduce anticlines and synclines in corresponding ridges and 
valleys because time and the degradational processes have intervened, 
greatly altering the appearance of these structures. However, the atti- 



Fig. 119.—A portion of a buried anticlinal 
structure that has been exposed in a stream valley. 
{Z7. iS. Geological Survey Photogra'ph.) 
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tudes of the remnants of the folded rocks, resistant and nonresisLant, 
are generally reflected in features of mountain relief. 

332. Crustal Warping. Similar to folding in nature, less intense, 
but even more important are broad deformations of the earth’s crust 
which may be called warping. Such changes in crustal shajie affect 
vast areas and probably are continuously in progress, but they require 
thousands of years to produce notable results. Through warping, 
broad areas of low plains land, such as formerly existc'd on the present 
site of the North Sea basin, have been lowered slowly a fi*w feet or a 
few scores of feet and added to the shallow sea bottoms, l^y the same 
process great expanses of shallow sea bottom have been elevated 
slowly and added to the arenas of the continents. Most of the state of 
Florida is a relatively recent addition to the area of North America. 
Through an understanding of this process one comes to an appreciation 
of the meaning of the stratified sedimentary rocks, containing the 
fossil remains of sea animals, that now ar(‘ found far in the interiors of 
each of the continents. The fossil evidences in these rocks indicate that 
some of them were uplifted from the sea far back in g(‘ologic history; 
others in comparatively recent time. Similar evidence shows that some 
areas have been alternaU'ly elevated anil depressed relative to sea 
level not only once but several times. 

333. DiASTKOPiiisM AND llo('K STRUCTURES. Froiu the forcgoiiig 
it may be seen that the attitudes and arrangements of the rocks are 
subject to the greatest variation. Sediments, put down horizontally, 
do not always remain so. Likewise, igneoiis ro(-ks are subject, long after 
their formation, to distortion and fracture. The position and arrange¬ 
ment of rock formations with respect to each other is called the rock 
structure^ and rock strucutre is one of the very important elements in 
that complex of conditions out of which landforms are evolved. 

334. Regions of Present Diastropiusm. Although the records 
of the rocks seem to indicate that all parts of the earth have been sub¬ 
jected to warping, folding, or faulting at one time or another, nqt all 
are now subject to equally great diastrophic changes. Instead, these 
processes seem to be more active in clearly recognized regions or zones. 
Most important of these are the borders of the Pacific Ocean. There, 
offshore, is a series of notable ocean deeps, while onshore are systems of 
mountains: the Andes, the coastal mountains of North America, 
Japan, and the Philippine Islands. These two, the deeps and the 
fringing heights, appear to be under constant stress and are subject to 
frequent readjustment. This is expressed in numerous faults, geologi¬ 
cally recent, which appear to result from the elevation of the lands 
relative to the adjacent ocean bottoms. Other areas of recurring 
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change are found in the West Indian region and in a long zone extend¬ 
ing from Polynesia and the Pacific borders through the East Indian 
region westward across southern Asia and southern Europe. 

VULCANIBM 

335. Volcanic Activity. Vulcanism is a term applied to all those 
processes by means of which molten rock is transferred from deep- 
seated sources to or toward the surface of the earth. Although the 
products of vulcanism include steam and gases as well as molten rock 
and solid fragments, the latter are of greater environmental significance 
since they arc the direct or indirect cause of several classes of landforms. 

336. Igneous Extrusions. The principal product of volcanic 
extrusion is lava or molten rock. Some lavas are composed of highly 
siliceous, acid-rock minerals which quickly become viscous and solidify 
as they a})i)roach ilie surface. Extrusions of these sometimes are accom¬ 
panied by poisonous gases and steam which find difficult escape through 
the viscous mass and cause explosive eruptions. The explosions hurl 
bits of lava, blown to fragments, high into the air. These cool suddenly 
and s(‘ttle close about the vent, or crater^ in different forms called 
volcanic ash, cinders, pumice, or slag, intermingled with flows of 
viscous lava. This produces a steep-sided cone which ultimattdy may 
attain mountainous proportions. 

Other volcanoes extrude lavas that are composed mainly of the 
basic-rock minerals. These remain licjuid as they approach their solidifi¬ 
cation points rather than becoming more and more viscous as they cool 
down. Therefore, included gases bubble through these lavas with less 
tendency to exj)losive violence, and the eruptions are said to be quiet. 
Erupted basic lavas may flow some distance from a volcanic crater 
before they congeal in nearly horizontal sheets. Thus is produced a 
cone of relatively larger area and more gentle slopes than are those 
formed by acid lavas. Manna Loa and other volcanoes in the Hawaiian 
Islands and indeed the Islands themselves furnish examples of the 
type of cone built of basic igneous rocks. They are called shield 
volcanoes. 

Lava flows are perhaps the most extensive of the extrusive features. 
They issue from limited volcanic vents or pour from long crevices in 
the earth. In many places there are flows of solidified lava the extent 
of which is to be measured in square miles or scores of square miles. In 
a few places, and at various times in earth history, there have issued 
from crevices or numerous vents lavas so liquid and so copious that 
layer after layer, at intervals, have flooded and buried the original 
surface over many thousands of square miles. Such vast flows are of 
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basic lavas, since acid lavas would hardly remain liquid so long. They 
give rise to great expanses of basaltic rocks which, in some regions^ 
break down into soils of notable fertility. Among the great basaltic 
lava flows of the world are those of the Deccan (peninsular India), 
Ethiopia, southern Brazil, and the Columbia Plateau in northwestern 
United States (467). In the last-named region successive flows, over a 
long period, covered a total area of more than 100,000 square miles to 
an average depth of ^ mile. In the process, valleys were filled, hills 
were buried, and mountains left standing like islands in a nearly level 
sea of lava plains. 



Fig. 120.—An igneous dike which stands in relief because it is more resistant to erosion 
than the rocks on either side of it. {U. S, Geological Survey Photograph.) 

S37. Igneous intrusions are thrust beneath the surface of the 
local, or “country,” rock in a great variety of forms. One of them is a 
thin layer of igneous rock solidified in a vertical crevice. When erosion 
later removes the less resistant rock adjacent, such a formation, called 
a dike, may stand in bold, wall-like relief in the landscape or form a 
considerable range of hills (Fig. 120). 

Other intrusive forms are massive and are like giant blisters under 
the rock skin of the earth. Such intrusions are of various forms and 
sizes, some of which are called laccoliths and batholiths. These great 
masses of igneous material are intruded deep beneath the surface 
where they dissolve, displace, or uplift the surrounding sedimentary 
or other rocks and metamorphose those that they touch through the 
effects of heat, pressure, or the chemical action of the hot waters and 
gases associated with them. In some places deposits of valuable 
minerals have resulted from these chemical changes in the altere<l 
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rocks. Subsequent erosion in regions so intruded may strip off the 
uplifted rock layers, exposing the igneous rock cores beneath (Fig. 
121). Each intrusion or type of intrusion may give rise to significant 
landforms. 



Fig. 121. -A diagram lo illuslrate the effects of the intrusion of a giant laccolithic 
mass into sedimentary r(»cks (/I), and features resulting from its subsequent erosion by 
streams {li). 

338. Regions of Volcanic Activity. The distant past of geo¬ 
logic time includes an era of almost world-wide vulcanism, but later 
])eriods of earth history show it generally much restricted. In different 
periods one region or another has been affected only to have its vol¬ 
canoes grow dormant and disappear under the work of the degra- 


T>C PRINCtPAL VOLCANIC REGIONS OF THE WORLD 













Fig. 122 .—(Jhnoyer s Se^mieUiptical Projection.) 


dational processes. Usually, notable volcanic activity appears to have 
been closely associated with regions of principal diastrophism. It is 
not unreasonable that the two should be associated. Zones of crustal 
breaking or bending well may be the zones of weakness through which 
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deep-seated masses of molten rock find their way to the surface most 
readily. 

In view of this probable relationship it is not surprising to find that 
the world regions of greatest current volcanic activity are closely 
comparable to those of present diaslrophism (Fig. 122). Within the 
zones previously described, including the borderlands f)f the Pacific 
Ocean, southern Asia, southern Europe and the West Indian region, 
are included not all the 800 or more active volcanoes of the world but 
a large proportion of them. 


Earthquakes 

380. The Nature of Earthquakes. Earthquakes are relatively 
small vibratory movements of the earth's crust. They are not the 
cause of diastrophism and vulcanism but rather .are caused by those 
tectonic forces. The crust of the earth is in constant vibration, but the 
niovernents usually are too small to be felt. Occasionally tremors of 
such violence are set up that they spread wavelike over large areas and 
may even travel entirely around .and through the earth. Earthquakes 
have many possible causes, but it is probable that most of the great 
earthquakes are vibrations set up by the freacturing, faulting, and 
movement of great m.asses of rock associated with the redistribution of 
balance in the earth's crust or with .some j)hase of vulcanism. 

From a point of origin near the earth's surface, earthquake waves 
travel rapidly in all directions. Their form and rate of motion are, 
however, greatly influenced by the nature of the material through 
which they pass. At a place distant from the point of origin there will 
be received one kind or set of waves which has passed through the 
interior of the earth and a second kind that has traveled along its 
surface. These differ in direction, rapidity of vibration, and time of 
occurrence. It is by means of the records of the different sets of waves, 
made by a delicate instrument (the seismograph), that the direction 
and approximate distance of an earthquake from stations of obser¬ 
vation are indicated. Upon these records reports are made of the 
occurrence of earthquakes beneath the oceans or in distant regions 
from which the accounts of eyewitnesses are long in coming. 

340. The Destructiveness of Earthquakes. From the amount 
of devastation sometimes wrought by earthquakes, the inference 
frequently is made that the earthquake waves must be of great size. 
It is, in fact, the suddenness and sharpness of the impulse delivered by 
the wave rather than its great motion that cause destruction. This may 
be illustrated by standing a piece of chalk upon a table and striking 
the latter a ijuick, sharp blow underneath. The vibration of the table 
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top may be too small to be seen, but the chalk may be thrown some 
distance upward and toppled over. Many earthquakes of major size 
do little damage because they happen to be most severe in areas of 
little or no human settlement. Great havoc is wrought when a seven* 
wave is generated at a point beneath the earth's surface so located 
that it strikes, sometimes obliquely, at the structures of a great city. 
Recent history is too well filled with illustrated accounts of such 
disasters to re(|uire that they be recounted here. Chimneys, stone 
})uildings, and other unyielding structures are deniolislu*d. Roofs cave 
in, walls ))uckle outward, and persons are killed by falling debris 
rather than by any violent action of the earthquake itself. Electric 
transmission lines are thrown down, water mains are broken, and, to 
complete the ruin, fire spreads unchecked by the usual means of 
bringing it under control. 

When earthquakes of great severity occur on or near the coasts of 
low and fiat lands, an additional hazard to life is sometimes introduced. 
This commonly, and erroneously, is called a tidal wave. It has no 
relation to the true tide but is merely a wave of gigantic proportions 
set in motion by the earthquake shock delivered upon the bottom of 
the s(‘a. The water being agitated from the bottom upward, rather 
than upon the surface as by the wind, develops large waves. These 
increase in height as they enter the shallow coastal waters and some¬ 
times reach prop)ortions that carry them upon the adjacent shore far 
beyond the limits of ordinary waves. Waves of this origin, invading 
the densely peopled coastal flats of southeastern Asia, have, upon some 
occasions, destroyed thousands, even tens of thousands, of human 
lives. 

341. Regions of Frequent Earthquake Occurrence. Inas¬ 
much as the shocks that start eartliquakc waves in motion result 
mainly from the fracturing of rocks and secondarily from volcanic 
explosions, it is not surprising that the regions of most frequent earth¬ 
quake occurrence are closely comparable in their distribution to those 
of present diastrophism and volcanic activity (Fig. 123). However, 
not all parts even of those famous zones are equally subject to severe 
^earthquakes. The greater number are associated with areas of most 
rapid change in elevation. This is expressed in the longest and steepest 
slopes between mountain and plain, as in northern India, or between 
continental margin and ocean deeps, as in the northern Pacific Ocean 
near tjie Aleutian Islands and Japan. Small earthquakes are frequent 
on the Pacific Coasts of the iVmerican continents from Cape Horn to 
Alaska, and several of notable severity have been experienced in Chile, 
Mexico, California, and Alaska since the beginning of the present 
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century. The descent from land to sea bottom off the coasts of Oregon, 
Washington, and British Columbia is much less steep than that off 
Chile, California, or the Aleutians, and that section of the Pacific 
Coast has fewer earthquakes. The site of Japan, which bordt^rs one 
of the greatest of ocean deeps, is particularly unstable. “The number 
of earthquakes happening in different parts of Japan gives the average 
yearly frequency of some 1,500, or of about four shocks per day. In 
Tokyo a sensible shock occurs on the average once every three days.” 


the: principal parthouake regions of the world 



Most of them arc of little importance, but some, such as that of S(»pt. 1, 
1923, in densely peopled Yokohama and Tokyo, cause untold damage 
and suffering. 

Some of the older and more stable geologic regions of the world 
seem free from earthquakes because none of great destructiveness has 
occurred there within the short span of written history. It is probable, 
however, that there are no regions which they may not sometime visit. 







• Chapter XIII. The Agents and 
Processes of Gradation 


342. Gradational Agents and Processes. It has been noted 
previously that the tectonic forces are opposed by forces of gradation 
which tend to reduce to a low and uniform level all those features 
produced by diastrophic uplift or volcanic outpourings. Most important 
among the agents that accomplish this work are water, ice, and wind. 
They derive their energy mainly from two sources: the sun and the 
earth’s gravitational attraction. The energy of the sun evaporates 
the waters of the oceans, which are then precipitated upon the land and 
returned to the sea as running water or moving ice under the compulsion 
of gravity. Solar energy and the force of gravity likewise are responsible^ 
for the winds, which remove .some quantities of earth from the land sur¬ 
face and which largely condition the precipitation of moisture over 
the lands and the work of waves along the margins e)f the seas. Organic 
agents such as plants, animals, and man play parts in the slow grada¬ 
tion of the land, but their activities also are conditioned by solar 
energy, particularly as it is expressed in climates. 

The agents of gradation work in many ways to accomplish their 
objective. It may help to understand them if it is observed that the 
processes are of two somewhat different types, although they are so 
intimately related that often it is difficult to determine at just what 
point one type of process ends and the other begins. Certain processes 
are completed without motion, their products remaining essentially 
where they were originally. These may be called the static processes. 
The completion of other processes necessarily^involvcs motion during 
which material is picked up, transported, and put down. These maybe 
called mobile processes. The static processes prepare rock for removal; 
the mobile processes bring about its removal and cause its redeposition. 
The latter are the processes of degradation and aggradation, 

343. Landforms Mark Stages in the Gradational Process. 
By whatever agent the mobile processes are accomplished, material 
is removed from higher elevations to lower and most of it ultimately 
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to the sea. During the process of removal the same material may be 
picked up and put down many times, each time a step being accom¬ 
plished toward the ultimate destination. The intervals of deposition 
during the process of removal differ greatly in length. A bit of^ gravel 
carried by a stream may be lifted and put down a hundred or a thou¬ 
sand times in a single day only to be cast into a by-w^tcr and there to 
lie a hundred or a thousand years before being moved again. 

Many kinds of landforms originate from steps and incidents in the 
gradational process. Some of them are forms carved in the solid rocks 
of the earth’s crust by the agents of degradation. Others are formed 
during aggradation by the temporary (in the geological sense) deposi¬ 
tion and peculiar arrangement of material on its way to the sea. In the 
development of landforms, both the degradational type and those made 
by aggradation, conditions of climate are of the greatest importance. 

The Static Processes 

344. The Breaking Down of Hock. Before the solid rock of 
the earth’s crust can be removed, portions of it must be disintegrated, 
decomposed, or otherwise made ready for removal by the agents of 
gradation. The processes by means of which this is accomplished are 
called weathering. Weathering may be either cliemical or mechanical 
ill nature. Chemical weathering may be said to include all thos(‘ proc¬ 
esses of rock decomposition or decay in which some of the rock minerals 
undergo chemical change. Mechanical weathering includes all those 
processes by which solid rock is disintegrated, or reduced to fragments, 
but left chemically unchanged. Often one is more important than the 
other, but usually both are to some degree involved in the preparation 
of rock material for removal. 

345. Chemical weathering results principally from the chemical 
union of oxygen, carbon dioxide, or water with elements in the rock 
minerals or from the dissolving of some of them. These chemical 
processes are called respectively (a) oxidation, {b) carbonation, (c) 
hydration, and (d) solution. They are of great importance because 
the chemical changes result in the formation of new minerals which 
have properties different from those from which they were derived in 
size, shape, hardness, or degree of solubility. These changes greatly 
affect the rate at which solid rock is prepared for removal by the mobile 
processes (a) by producing new minerals which are less resistant than 
the old to the processes of removal or (6) by the disrupting effect caused 
by the crowding of expanding substances. The rusting of iron is a 
familiar example of both oxidation and hydration, for yellow iron rust 
is a hydrous oxide of iron. Some igneous rock minerals contain iron, 
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and many sedimentary rocks include iron oxide as a cementing 
material. These minerals are subject to oxidation and hydration and 
are changed thereby. Other of the igneous-rock minerals contain 
combinations of elements such as potassium or calcium which, under 
favorable conditions, recombine with the carbonic acid in ground 
water. The resulting carbonate crystals are larger in size and different 
in shape from those of the original minerals. This change exerts a strong 
wedging force, tending to crowd apart the associated rock crystals and, 
tlierefore, to weakcni or break up the crystalline structure of the rock 
(Fig. 124). Hydration tends to produce the same result, being attended, 
according to Merrill, by an increase in the bulk of some minerals of as 
much as 88 per cent. Solution works in a diflerent way. Certain 
minerals, such as calcium carbonate, are changed by weathering and 



Fio. 124. Weathering granite. The disintegration of granite in place, here in a 
spherical manner, is accomplished by the <lecomposition of certain of its constituent 
minerals. {lVi,sconfiin Geological Surt>ey Photograph.) 

become soluble in the water of the ground. Their removal in solution is 
called leaching. It leaves the rocks that contained them somewhat 
porous, or at least less solid and resistant than before, and the process 
may end in the nearly complete disappearance of such rocks as are 
composed largtdy of soluble minerals. 

The chemical decomposition of ro<*k is not local but widespread in 
its effects. It operates not only upon crystalline igneous rocks but 
u{)on those of sedimentary origin also (Fig. 112). Rain water in falling 
through the air absorbs carbon dioxide gas and becomes a dilute 
carbonic acid. In the ground it obtains other acids from decaying 
vegetation. In general, therefore, the water of the ground is really a 
weak acid and is capable of dissolving lime and other substances and 
of making chemical changes not possible in pure ^ater. 

All the processes of chemical weathering are promoted by high 
temperatures and abundant moisture. Chemical weathering is, there¬ 
fore, most rapid and complete in the humid tropics and least rapid 
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and complete in regions of aridity or cold. Different rocks and even 
different parts of the same rock weather at different rates even under 
the same general conditions. Therefore, after prolonged weathering 
some parts of a rock may be greatly changed while others are so little 
changed that they stand out in bold relief after the weathered material 
is removed. Such features are said to be the result of differential 
weathering, 

346. Mechanical Weathering. Although the processes of 
chemical decomposition doubtless are the most important by which 
rock is made ready for removal by the agents of gradation, there are 
several processes of mechanical disintegration also. The following are 
some of the more effective of them: (a) The formation of joint planes 
by diastrophism is a kind of mechanical weathering. The fractures so 
produced often are the zones of attack for other weathering agents. 
{b) All scraping, grinding, and scouring processes, sometimc's called 
abrasion or corrasion. (c) The expansive force of freezing water in 
rock crevices pries apart the adjacent minerals with a force that, under 
ideal conditions, is much greater than the pr(‘ssure in a stearn-iuigine 
boiler, (rf) The growth of plant roots in rock crevices exerts a w(‘dging 
force of surprising proportions, (c) The intense heating of rocks, as by 
forest fires, and their sudden cooling cause internal stresses which end 
in rock disruption. It may be that intense insolation and rapid cooling, 
as between day and night in desert climates, is sufficient, when repeated 
for many years, to accomplish a similar end. However, it seems 
unlikely that the latter process is the principal cause of rock weathering 
even in deserts, as was formerly believed. Mechanical weathering 
probably takes place in warm and humid regions, but its products are 
to a considerable degree obscured by the more abundant products of 
chemical weathering. It is in regions of cold and arid climates, where 
the chemical processes operate slowly, that the rock fragments produced 
by mechanical means attain their greatest relative importance. In these 
regions coarse and angular materials comprise a large part of the 
regolith. 

The accumulated materials resulting from weathering and awaiting 
transportation often cover to some depth the parent rocks from which 
they have been derived. These accumulations make up a part of the 
mantle rock or regolith previously noted (325). 

* The Mobile Processes 

347. Erosion. The weathering processes commonly are followed, 
but not always immediately, by degradational processes which remove 
the weathered rock fragments from the places of their origin. Specifi- 
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cally, these include the picking up of loose material and its transpor¬ 
tation. These processes combined are called erosion. The processes of 
weathering and erosion together produce the general result of degra¬ 
dation, which is the wasting away of the land and its reducticm down 
io the ultimate lowest possible slope, or grade, with respect to sea 
level. The principal agents of erosion were listed above, but they may 
be repeated liere, since they will be used as a basis for organization in 
the remainder of this discussion of the agents and proc(\sses of gra¬ 
dation. Weathered rock is transported by the force of gravity which 
may act either directly or, on a brojuler scale, through the agencies of 
the vmier In the groundy running vHiter, moving snow and ice^ wavesy and 
wind. To a small degree transportation is accomplished also by organic 
agencies, in(‘luding human agency, and in other minor ways. It will be 
c’lear that transportation is the essential element of erosion. It may be 
noted also that transportation is accomplished whether the material 
is {a) carried in dissolved, and therefore invisible, form or {b) is lifted 
bodily and carried in suspension by wind, stream, wave, or ice or (c) 
merely rolls, slides, or is pushed downslopc by any of these agents or 
by gravity itself. 

The rate at which weathered material is transported by the agents 
of erosion obviously bears a close relation to the degree of slope of the 
land surface on wdiich it rests. On steep cliffs gravity itself removes 
weathered rock fragments about as fast as they are loosened. This 
leaves the rock of the cliff bare. On flat surfaces, even in rainy regions, 
the products of wc‘athering tend to accumulate to greater depths 
because of the slowness of the processes of transportation there. In 
such situations the accumulated regolith may grade downward from 
fine surface materials, which are completely changed by chemical 
and mechanical weathering, through partly changed and coarser 
fragments into the unweathered parent rock beneath. In the humid 
tropics, where chemical weathering is most active, the regolith is 
porous, and the surface is protected from erosion by a thick covering 
of vegetation. There the regolith may accumulate on some gentle slopes 
to a depth of 100 ft. or more. In most regions it averages considerably 
less than that depth. 

348. Deposition. Since each of the agents of erosion, under 
proper conditions, is capable of transporting material, it will be 
evident that, under other conditions, they will put it down again. 
This process may be called deposition. By it aggradation is accom¬ 
plished, and elevations below the local grade are brought up to it by 
filling. Just as materials are carried in different physical conditions 
and by the different agents, so they may be deposited either from solu- 
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tion or from suspension, or they may merely come to rest after having 
fallen or slid some distance. They may be deposited by the wind, by 
running water, by moving ice, or by the waves. The various agents 
and conditions combine to produce classes of deposits which often are 
related to the development of distinctive landforms or other features 
of the natural equipment of areas. 

From these general considerations the discussion may turn to the 
specific gradational agents and the various processes by which each 
carries on its work and aids in the development of landforms. The 
emphasis in this brief survey will be upon the nature of the processes 
involved. Description of the features produced, the principal concern 
of the student of geography, will be reserv(^d for more detailed con¬ 
sideration in other connections. 


Ground Water and Its Gradational Processes 

349. Ground water exists in the pore spaces of the r(‘golitIi, 
in porous rocks, and in the joint cracks and other crevices of all rocks. 



Fig. 125.—A diagram to illustrate the undulating surface of a ground-water table and its 
relation to the land-relief and drainage features. 


in regions of humid climate, as far down as crevices and pore space 
extend. The greater part of the pore space, and therefore of the water, 
is within a few hundreds of feet of the surface, and many impervious 
or tightly capped rocks at great depths are essentially dry. The ground- 
water supply is maintained from the land surface by that part of the 
precipitation that seeps into the ground rather than immediately 
running off in streams or evaporating into the air. The surface addition 
of water seeps downward, as it would in a glass full of sand, until it 
joins with that already in the ground and fills the lower spaces first. 
If there is not sufficient water to fill all the pore space, the upper part 
of the earth may be merely damp while the lower part is saturated. 
The top of the saturated zone is called the groiind-vmter table, or ground- 
water level. It is not a horizontal surface but tends to seek a common 
level by slow outward movement from its higher portions (Fig. 125). 
It is not found at a uniform depth below the surface but is usually at 
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greater depths beneath hills and at less depths below valleys, at greater 
depths after protracted droughts, and at less depths after rains. 
In humid regions it may be near the surface, and in arid regions far 
below it. 

350. The (.radational work of ground water mainly is chem¬ 
ical because, in most rocks, it moves too slowly to accomplish much 
mechanical erosion except in promoting landslides and soil creep by 
increasing the weight of the weathered material and by acting as a 
soil lubric*ant. Therefore the effects of ground water on landforms are 
accomi)lished largely through (a) solution and (6) the redepositing of 
dissolved minerals. 

Solution is a widespread phenomenon. It has been discussed as a 
phase of chemical weathering, and that perhaps is its most significant 
aspect. It is, however, a process capable of giving rise to certain land- 
forms. In regions of pure limestones especially, underground solution 
may remove rock to the extent that large caverns are formed or the 
rock lioneycombed with small cavities, and the surface is dotted 
with depressions caused by solution cavities or by the collapse of 
cavern roofs (392). Such regions are said to have karst features, and 
in them a large part of the drainage flows in underground channels 
rather than in surface streams. 

Under favorable conditions ground water may become overcharged 
with dissolved minerals and be forced to deposit some. Thtvse conditions 
include (a) evaporation of some of the water, (6) decrease in its tem¬ 
perature, (c) loss of some of its dissolved carbon dioxide, and changes 
in other conditions that tend to hold minerals in solution. The deposited 
minerals are chemical precipitates, comparable to those that accumu¬ 
late in a teakettle. In a somewhat different way, minerals are deposited 
from underground water also by chemical exchange with other minerals 
in the rocks through which the water passes and by the work of 
microorganisms. The process of deposition is accomplished slowly, 
molecule by molecule. A well-known illustration of it is the formation 
of stalactites and stalagmites which grow in underground caverns 
through precipitation from percolating water. Of much greater impor¬ 
tance are certain less spectacular phases of deposition. For example, 
ground water charged with lime may build a lime filling in the pore 
spaces of a bed of sand, cementing the grains of sand together into a 
limy sandstone. Or water charged with silica may remove the mole¬ 
cules of a previously deposited lime cement, replacing them with the 
silica, thus producing a quartzite. In the same manner silica or lime, 
either alone or in combination with valuable metals, such as gold, may 
be deposited in a rock crevice, making a vein (675, Fig. 126). Wood, 
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bone, or shells are petrified by the removal of their substance, mole¬ 
cule by molecule, and its replacement by lime or silica, even the 
microscopic details of internal structure often being kept. 

The removal and replacement of minerals by ground water are an 
important factor in the formation of certain earth resources, such as 
soil and mineral ores, as well as in the making of landfonns. In humid 
regions the lime and other soluble substances, including plant foods, 
are removed from soils by solution, leaving the soils leached and often 

poor. In arid regions a lack 
of ground water is a cause 
for lack of leaching and a 
widespread accumulation of 
these same substances in 
the soil. In some regions of 
rocks bearing considerable 
amounts of valuable min¬ 
erals th(‘ richness of the 
rniiuTal on^s has been in¬ 
creased greatly by the solu¬ 
tion of silica and other 
associated substances leav¬ 
ing the valuable minerals in 
concentrated form. Other 
valuable ores have been enriched by the opposite kiml of process, in 
which small quantities of mineral are selected by ground water from 
large masses of rock and are brought tog(*ther in more concentrated 
form. Since these changes take place so slowly, it follows that a vast 
amount of time is required for tlieir accomplishment. 

Running Water and Its Gradational Processes 

351. The Origin of Streams. Running water has a larger part 
than any other of the agents of gradation in the modeling of land- 
forms. Some of the work is done by the rain directly or by thin sheets of 
water moving over the ground during downpours of rain, but the larger 
part is done by streams, because in them the water is deeper and has 
more inherent force. Streams are fed (a) by the immediate runoff of 
water during rains; (b) by the underground water issuing through 
seepage and springs; and (c) by the release of water temporarily held 
in storage in lakes, swamps, snow, and glaciers. The turbulent force of 
running water over the land surface dislodges and removes weathered 
rock, and in the process it develops channels or valleys. It is the pat¬ 
terns and peculiarities of stream-cut channels and valleys that give 



Fig. 126.—A vein of white quartz traversing 
wave-worn met amorphic rock on the Maine 
Coast. 
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characteristic details of relief to most of the lauds of the earth. It 
is evident that since the number and size of the streams of a region 
depend much upon its supply of precipitation, so, therefore, do many 
of the peculiarities and characteristics of its landforms. 

Degradation by Running Water 

352. The Erosional Work of Streams. The most widespread 
degradational activity of running water is accomplished by the hy¬ 
draulic action or surface wash of the 
Tunoffy which is tliat j)art of the 
precipitation that does not at once 
soak into the ground or evaporate 
into the air. I'he runoff may start 
its work as a sheet of water, but 
ordinarily it does not progress far 
before it is concentrated into rivulets 
which eventually are enlarged and 
are maintained by springs and the 
seepage of underground water. 

Streams flow in valleys, and most 
valleys start as gullies. It is the 
work of running water to make them 
longeTy deepery and wider, A normal gully begins at the base of a slope 
and grows in length by erosion at the point where surface water pours 
in at its upper end. In a sense it gnaws its way headward into uneroded 

land (Fig. 127). New gullies 
branch from the sides of the 
first one and lengthen in the 
same manner (Fig. 128). In 
rock or regolith of uniform 
resistance the gullies nor¬ 
mally have a branching, 
treelike, or dendriticy rela¬ 
tion to each other (Fig. 
238). GuUies of this kind 
may grow on unprotected 
slopes in such numbers as 
to create a great problem 
in the control of soil erosion (633). Not all the gullies thus formed 
grow to great length, but in time some of them may. During that time 
each long gully will have acquired tributaries, each tributary will 
have subtributaries, and these in turn will end in a multitude of gullies 


Fig. 127.—A gully head that almost 
visibly is gnawing its way up a slope 
which directs the flow of rain water into 
it. {Photograph by F. W. Lehrnanny C. B. 
& Q. Railroad Company.) 



Fig. 128.—As a gully grows in length by head- 
ward erosion, tributary gullies branch from its sides 
and grow in like manner. {Photograph by F. W, 
Lehmaniiy C. B. & Q, Railroad Company.) 


THE PHYSICAL ELEMENTS OF GEOGKAPHY 


which reach and drain all parts of the region. A major stream of water 
and all its tributary streams is called a river system. The elongate de-* 
pression that each stream cuts for itself is called its valley. The higher 
land separating two adjacent stream valleys is called an interfluve. 
The valley of the major stream and all its tributary valleys and gullies 
are called a valley system. The entire area of land drained by a river 
system is called a drainage basin. The line along an upland separating 
two adjacent drainage basins is called a dwide. On the divide surface 
drainage destined for the respective streams is parted, as on the ridge of 
a house roof, although some divides are low, and the line of water 
parting is therefore indistinct. 

Valleys are deepened when their streams, using sand or gravel as 
tools, scour or abrade their own beds and transport the material thus 
loosened. The rate at which a stream is able to dcejx'n its valley 
depends upon (a) the velocity of the running water, {b) the volume 
of the stream, (c) the nature and abundance of the tools availal)le to 
it, and id) the resistance of the material into which the valley is being 
eroded. The velocity of a stream is determined, in turn, by several con¬ 
ditions among which the most important is its gradient^ or the degrees 
of the head-to-mouth slope of its bed. Streams with steep gradients are 
swift and are able, given tools, to deepen their valleys more ra])idly 
than other streams of similar volume but with lower gradients ancl, 
therefore, lower velocities. In a river system the newer tributaries 
and heachvater streams usually have steeper gradients than the waters 
of the middle and lower courses where erosion has been longer in proc¬ 
ess. For that reason the tributary streams may be eroding rapidly 
while the mam stream, in its lower course, may have a gradient so 
low that it is no longer able to cut downw^ard, and more material 
collects in its channel than it is able to transport. The carrying capacity 
of a stream increases as the sixth power of the velocity, and, according 
to Geikie, a stream having a velocity of about ^ mile per hour will 
barely move fine clay. At a velocity of i mile per hour it will move fine 
sand; at i mile, coarse sand; at | mile, fine gravel; and at miles per 
hour it will transport pebbles about an inch in diameter. When any 
part of the stream has deepened its channel to a gradient so low that 
it flows sluggishly and is barely able to transport the material supplied 
to it by its tributaries it will deposit sediment temporarily in its valley 
bottom. It is said then to be a graded stream, or a stream at grade. If 
time is permitted for a stream to continue, without interruption, the 
extremely slow process of erosion below the level of grade, it will 
reach ultimately the lowest gradient at which it can flow. Then it 
will be unable to transport any material and therefore unable to 
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degrade its valley further. Such a stream is said to have reached 
its baseleveL 

858. The Characteristics of Young Streams and Their 
Valleys. Streams that have just entered upon their work of erosion 
and still have rather steep gradients are called 
young streams. They are cutting downward more 
\igorously than laterally hut have much to do 
before they re^ach their baselevels (Fig. 129.1). 

While the downward cuttii^g is in progress the 
valley is wideruHl at the top as material from its 
sides falls or slides into the stream or is carried in by 
rain wash. The transverse profile of the young val- 
l(‘y is therefore \-shaped (Fig. 260). Jn loose ma¬ 
terial, which washes or slides easily, the V is likely 
to be broad and open, while in hard rocks it is likely 
to be narrow and gorgelike (Fig. 258). In regions of 
high elevation young valleys of the gorge or canyon 
type may be hundreds or even thousands of feet 
deep, while in regions of low elevation they n)ay be 
only a few feet in depth, although their shapes are 
similar. Both are young in terms of stage of develop¬ 
ment, although there may be a vast difference in 
t heir ages measured in terms of years. 

Young streams rapidly eroding often find their 
courses through rocks of unequal resistance, which 
(Tode at diff:?*ent rates. The abrupt changes in 
gradient, which result from the differeniial erosion^ 
cause the cours<\s of many young streams to be 
interrupted by waterfalls and rapids. In older 
streams, which are nearing grade, time has per¬ 
mitted erosion to carve away even the hardest 
rocks, and the falls and rapids tend to disappear 
(Fig. 130). 

854. The Characteristics of Mature 
S fREAMS AND Their VALLEYS. As a Stream 
approaches baselevel, the limit of its downward 
erosion, both stream and valley take on new char¬ 
acteristics. The stream, its gradient decreased, be¬ 
comes less swift and is readily turned aside. It begins to swing against 
its valley walls, cutting at their bases and pushing them apart by 
undercutting them. Widening becomes more rapid than deepening, 
and the stream ceases to be direct but swings from side to side on a 



Fig. 129.—Dia¬ 
grams illustrating 
changt^s in tho trans¬ 
verse profile of a 
valley. (.1) The 
V-shapod profile of 
a young valley; {B) 
the start of mean¬ 
dering; ((/) retreat 
of valley bluffs; (D) 
meander belt and 
long meander; (E) 
meander cut off and 
floodplain widened 
by trimming of 
bluffs. 
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widening valley floor in broad loops or meanders (Fig. 129Z)). The 
valley ceases to be narrow and V-shaped and acquires width and a flat 
valley floor as a result of its continuous shifting of position and trim¬ 
ming of the valley walls. 

355. Stages of Erosional Development. As stream valleys 
develop so do the relief features of the regions through which they 
flow. In areas where the streams generally are young the valleys are 
narrow, the tributaries are undeveloped and few, and the interfluves 
are broad and little dissected (Fig. 131^1). It is evident in such areas 
that the streams have only well begun the task of reducing the whole 
block of land to its ultimate low baselevel. A region with a surface of 
that kind is said to be in a stage of youth. 



Fig. ISO.^—A diagram to illustrate one common cause of waterfalls and the reason why 
such falls retreat upstream, leaving a gorge, and eventually disappear. 

As erosion proceeds many iu‘w tributary streams and a largi' num¬ 
ber of gullies are formed. These dissect the former broad interfluves. 
Valleys grow deeper and wider, and the dividers between adjacent 
streams grow more steep and narrow, until finally only a maze of hills 
remains of the former broad upland and the whole area is characterized 
by sloping rather than flat land (Fig. 131/i). This stage of development 
may be called maturity. In it the flat ujfland of youth has ceased to 
exist, and the new and extensive flat lowlands of old agt* have not yet 
come into existence. 

Progress of erosion beyond maturity enables the streams, first the 
larger ones and then the tributaries, to reach their respective grades. 
Beyond this point there is still some degradation of the land surface as 
the divide areas are slowly reduced by weathering and slope wash and 
are removed by the streams. The region ultimately acquires broadly 
open and level-floored valleys separated by low, rolling divides which 
are but the remnants of the former youthful interfluves (Fig. 13lC). 
This stage of development may be called old age. 

In a few places in the world there are plains that illustrate the 
extreme of erosional old age. After all the streams of a region reach 
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^rade the reduction of the land level is exceedingly slow, but it proceeds 
as long as the streams arc able to carry any material, even in solution. 
Thus, in the end, even the low divides of old age are reduced to broad, 
undulating areas with perhaps a few hills in localities of unusually 
resistant rock or in positions so situated as to be less attacked by 
tributary streams. Jf the slow process is not interrupted, a plain of 
low relief is formed with undulating surface and occasional hill rem- 




Fig. 131.—A diagram to show the development of a land surface by stream erosion 
from youth (A) through maturity (/I) to old age (T). The dotted white line indicates the 
baselevel toward which the streams are working, 

nants of the once broad uplands. Such a plain is that uniform low slope 
or grade that is the objective of all gradational processes. It is called a 
peneplain (almost a plain), and the remnant hills are called monadnocks. 

Peneplains are not uncommon among the land surfaces of the world, 
but certainly, in most instances, the slow processes of their final reduc¬ 
tion have been terminated by diastrophic changes which have elevated 
them somewhat with respect to the sea. Thus the streams are given 
new baselevels, acquire steeper gradients, and start upon the dissection 
of the peneplains in new cycles of erosion. For that reason no peneplain 
of the present is very low or very flat. 
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It is clear that the actual time required for a region to pass through 
all the erosional stages from the features of youth to those of old 
age will depend upon a number of factors, sucli as the height of the 
original youthful plain above its baselevel, the kinds of rock to be 
eroded, the quantity of rainfall, and other climatic conditions. Meas¬ 
ured in terms of years, the tim(‘ required must be, at the very least, 
extremely long. It is estimated, for example, that the matcTial carried 
into the Gulf by the Mississip])i River is sufficient to reduce the average 
elevation of the entire drainage basin 1 in. in about 800 years, but that 
the rate of degradation in the Colorado Basin is nearly twice as fast. 
It is not intended, therefore, that the terms “young,'" ‘‘mature,’’ or 
“old,” as appli(‘d to relief features, should be interpreted in terms of 
years but ratlier in terms of the stag(‘ of advancement or completion 
of the work of reducing the local land mass to the ujiiform low sloj>c 
of the peneplain. 


Aggradation by Running Water 

356. How Streams Deposit Material. If the supply of weath¬ 
ered rock available for stream transi)ortation excecHls the carrying 
capacity of the stream it becomes overloaded, and some of the load 
will be deposited. The term alluvium is a])plied to stream de])osits of 
all grades and forms of accumulation. The action of running water 
tends to sort the transported material roughly according to the size 
and weight of its part,icl(‘S before putting it down. This sorting a(‘tioii 
causes stream deposits to accumulate as beds of gravel, sand, silt, and 
clay. In the process of deposition streams put down the coarsest and 
heaviest parts of their loads first, because they carry such material less 
easily. Howeter, tlu; carrying power of a stream changes often, and it 
is common to find beds of alluvium of different grades one above 
anot her. 

Streams become overloaded in several ways, such as (a) by having 
much new sediment brought to them without corresponding increase 
in carrying power or (6) by loss of water through decrease in rainfall, 
through seepage, or through evaporation. However, it is likely that the 
most common cause for stream deposition is loss of velocity. Decrease 
in stream velocity may come about gradually, as a result of the 
decreasing gradient from the headwaters toward the mouth, or it may 
come about suddenly. A sudden decrease in velocity may occur at an 
abrupt change in land slope, as, for example, where a mountain stream 
flows out upon a flat plain, or it may occur as a result of the checking 
of the stream current where it enters a body of standing water, such as 
a lake or the sea. 
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357. Where Streams Deposit. The different conditions that 
cause streams to deposit cause the deposited materials to accumulate 
in several characteristic places with reference to the stream course 
and in several commonly recognized forms. The places of deposition 
may be noted here, and the forms assumed by the different kinds of 
deposits may be left for later and fuller consideration. 

On Valley Flats. A stream is likely to deposit some of its overload 
in its own channel, often on the inside of a bend where the velocity 
of the water is least. It is there that sand bars or similar deposits of mud 
or gravel accumulate. Their formation is a normal part of the develop- 



Fig. IS2.—The small stream shown here is widenin^^ its valley bottom by undercut¬ 
ting on the outside and depositing on the inside of a bend. {Photograph by h\ W. Lchmamiy 
(\ B. Q. Railroad Company.) 

ment of an aging stream. The formation of many sand bars chokes 
the stream channel and increases its tendency to flood in times of high 
water. Gradually, by swinging out against the valley wall on one side 
and depositing on the other, the stream produces the broad valley 
flat of old age and at the same time covers the flat with river sediment 
(alluvium) (Fig. 132). Such a valley flat, covered with alluvium, is 
called Si floodplain (Fig. 129), 

When a sediment-laden stream rises in time of flood, overflows 
its channel, and spreads out upon the flood plain, much material is 
deposited immediately along the stream banks where the water first 
goes out of its proper channel and loses its velocity. There the alluvial 
accumulation is thickest, and it generally forms low, broad ridges 
bordering the stream. They are called natural levees. 
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At the Stream Mouth. Nearly all streams are able to carry some 
sediment down their entire courses and out at their mouths. Usually 
most of that sediment has been a long time on its way, having been 
incorporated into bars and floodplains, re-eroded, put down, and 
picked up thousands of times on its slow journey. Finally it is deposited 
where the stream velocity is checked upon entering a lake or the sea. 
Extensive accumulations of sediment in that kind of location are called 
deltas. Not every stream has a delta. Some carry but little sediment; 
others deposit their loads on sinking coasts or upon such as have deep 
waters or are so exposed to violent wave and current action that the 
sediment is spread over the adjacent sea floor and thus is prevented 
from making large accumulations. 



Fig. 13S.- -The conformation of a small and fairly steep alluvial fan in Nevada. The 
apex of the fan lies at the mouth of the gully from which the material was eroded. 
{Photograph by John C. Weaver.) 


The process of delta building is accomplished by addition to the 
banks of the stream during overflow and by the elongation of its 
channel through deposition at its end. The elongation produces a flat, 
fingerlike extension on the coast which lowers the stream gradient so 
much that presently it breaks over its banks and takes a new and 
shorter course to the sea, only to repeat the process. Thus the stream 
acquires more than one exit, and these are called its distributaries 
(Fig. 157). 

At Sharp Decreases in Valley Gradient. The velocities of mountain 
streams are checked suddenly where their courses extend out upon 
adjacent plains. It is at this point that some streams choke their own 
courses with alluvium, turn aside and choke again, and, repeating the 
process, ultimately build broad fan-shaped or conical piles of alluvium 
which are called allumal fans (Fig, 133). In humid regions many 
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mountain streams have suflSciently large and constant volumes to be 
able to move their loads of debris still farther down their courses and 
do not form alluvial fans. Even in humid regions, however, fans of 
large size accumulate at the bases of very steei> mountain slopes, and 
those of small size often are to be seen at the mouths of small gullies 
where there are no permanent streams but where much water runs 
during a rain. Along a fresh road cut, on a sidewalk, or at the mouths 
of little gullies fans may be seen, perfect in shape but no more than a 
few inc*lu\s across. It is in dry regions, however, that alluvial fans reach 
their greatest development. TIktc the intermittent and frequently 
torrential flow of mountain streams favors the development of these 
forms, and they may grow until they reach a radius of several miles. 
Along the bases of some mountain ranges every stream has its alluvial 
fan, large or small, and they are so crowded that adjacent fans spread 
and join, making a continuous piedmont alluvial plain (Fig. 171). 

Moving Ice and Its Gradational Processes 

358. Mountain Glaciers. Glaciers, which are bodies of ice in 
slow motion, arise from accumulations of snow which, by the pressure 
of its own weight and by internal melting and refreezing, becomes con¬ 
solidated into ice, The perennial snows of high mountains give rise to 
valley glaciers, l^lunging avalanches carry snow from adjacent slopes 
into a valley head, wh(*rc it attains great depths and gradually is trans¬ 
formed into loose, crystalline ice. Under its own great weight the thick 
mass settles, recrystallizes into solid ice, and expands, thus slowly 
pushing its lower portions down the valley. So long as the supply of 
snow is renewed from aliove, the glacier will continue to move. 

The protruding ice tongue that creeps forward conforms to the 
shape of the valley in which it lies. Its rate of motion is governed by (a) 
the thickness of the ice, (6) the steepness of the valley gradient, (c) the 
temperature of the ice, and some other conditions. At most it is but a 
few feet per day. The advancing end of the ice tongue, extending down 
the valley, ultimately reaches lower elevations, where higher average 
temperatures prevail and the ice wastes by melting. As long as the 
average forward movement of the ice is greater than the amount lost 
by melting, the front of the ice tongue will continue to advance. When 
the rates of advance and melting are equal, the ice front will remain 
in the same position. If a series of warm years increases the rate of 
melting, so that it exceeds the rate of ice supply, the ice front will 
recede up the valley. The glacier is said then to be wasting, or to be in 
retreat. It is, however, only the location of the ice front that retreats, 
for the ice continues to move downslope or at most remains stagnant. 
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Some valley glaciers in high latitudes, for example in Alaska, are able 
to push so far down their valleys that they reach the sea. There, 
instead of melting away, their ends are continually broken off by the 
buoyance of the sea water, and the pieces float away in the form of 
icebergs (Fig. 263). 

359. Continental Glaciers. Great continental ice sheets, such 
as now occupy most of Greenland and Antarctica, formerly cover(*d 
northern North America and much of northwestern Europe. A conti¬ 
nental glacier is in some respects like a valley glacier but in others 
different. It starts with the accumulation of snow fields but not neces¬ 
sarily in regions of high altitude. Having attained considerable depth 
and area the snows are slowly transformed into ic(*, and the mass 
spreads outward under it s own weight and in all directions. It is fed by 
snowfall over its entire surface. 

It is a mistake to assume that the appearance of the great North 
American and Enropc^an ice sheets must have been preceded or accom¬ 
panied by climatic conditions vastly different* from those of the 
present. The only requirement for continental glaciation is that the 
snowfall b(‘ enough more, or the temj)erature enough lower, than at 
pres(*nt so that the snow of one year is not quite all melted when that 
of the next year begins to fall. If that condition prevailed tlie accumula¬ 
tion would spread iiudi by inch and century by century until its margin 
reached a ]>osition where loss by melting ecpialed the rate of advance. 
The disappearance of a great glacier, conversely, would result from a 
decrease in snowfall or an increase in temperature of an amount such 
that the average* wastage exceeded the additions from snowfall. The 
time required for either the growth or the disappearance of a con¬ 
tinental glacier has probably to be measured in tens of thousands of 
years. The reasons for the changes of condition that brought them into 
existence and later destroyed them are not definitely known. 

360. Areas of Former Continental Glaciation. The areas 
principally affected by the relatively recent (Pleistocene, see Appendix 
E) glaciation are shown in Fig. 134A, B, The European ice sheet 
radiated from centers located in the Scandinavian region and Scotland 
and extended southward into England, the Netherlands, Germany, 
Poland, and Russia. The centers of North American glaciation were 
situated adjacent to Hudson Bay. From the American centers ice 
spread outward but more extensively southward. It reached to a line 
that trends from New York City westward across southern New York 
State to northeastern Ohio and from there nearly along the present 
courses of the Ohio and Missouri Rivers toward the Rocky Mountains. 
Adjacent to the glacier margins the ice may have been only of moderate 
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depth, but it increased northward to thicknesses that may well have 
been a mile or more, sufficient at least to bury the mountains of New 
England. Within the glacial boundary the only district to escape burial 




Fig. 134. —The maximum extent of the continental glaciers of North America and 
Europe. (A) The letters indicate the Keewatin, Patrician, and Labradorean centers of 
glacial movement. (B) The principal center of European glaciation was in the highlands 
of Scandinavia. 


beneath the ice sheets was a large area located in southwestern Wis¬ 
consin and adjacent parts of Illinois, and possibly of Iowa and Minne¬ 
sota. It is known as the Driftless Area, At the time of the great 
continental ice sheets there were much larger glaciers in the mountains 
of both North America and Europe than now exist there. 
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361. How Glaciers Erode. Clean glacial ice is able to erode 
rock mainly by pushing and by “plucking.” Rock pinnacles or other 
unstable or detached rocks are readily toppled by the great weight of 
the advancing glacier, and loose earth is plowed up by it or frozen 
into the ice and carried forward. Even in solid bedrock the jointed or 
fractured blocks are frozen about with ice and are lifted or jducked 
from their seats. Using as tools the rocks thus obtained, the ice is 
able to accomplish another, and equally important, part of its erosion 
by the process of abrasion. Angular boulders, pebbles, and sand which 
are frozen fast at the bottom of the ice are held down by its great vv(Mght 
and pushed forward by its irresistible force. In their slow motion they 
gouge, groove, scratch, and polish the rock surface over which they 
pass. In the process the tools are themselves scoured, scraped, and 
reduced in size. They lose their sharp angularity and become partially 
rounded, or “subangular” (Eig. 183). Long-continued glacial scour 
has in many places accom{dished notable erosion, but, in general, tlu' 
resulting features are not of so great an order of magnitude as those of 
stream erosion. Rather, they ap{)ear to be, in the main, the resha{)ed 
features of previous stream erosion. 

362. How Glaciers Deposit. The load of a glacier is comprised 
of rocks and earth intermingled without regard to size or weight. It is 
carried in part uiion the ice surface or frozen into its mass, but even 
more largely in its bottom, because that is where most of it is obtained. 
The lower layers of ice in some glaciers are so crowded with clay, sand, 
and boulders that the earthy material is more abundant than the ice. 
When its bottom is so greatly overloaded the glacier readily loses its 
frozen grasp upon some of the material which then is left resting upon 
the ice-scoured bedrock below. Upon the top of this dejiosited layer the 
still-burdened ice cree{xs slowly forward. During the final stagnation 
and wasting away of a glacier its entire remaining load is let down upon 
that already accumulated. Thus were formed, beneath the great 
continental glaciers, vast ex|)anses of unassorted ice-deposited mate¬ 
rial, called boulder clay^ or till. In regions of nonresistant bedrock and 
near the margins of the regions of former glaciation the till has accumu¬ 
lated to thicknesses of many feet or even several scores of feet. In 
regions of resistant bedrock and near the centers of glacial origin it is 
generally less abundant and is entirely lacking in some localities. 
In the latter regions the ice was less able to secure debris and, being 
less heavily burdened, was able to move most of the available material 
outward toward its margins. Specific glacial deposits are called mo- 
raines, and the till, because it was held in the bottom of the ice, is 
called the ground moraine^ sometimes also the till sheet* 
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S63. Where Glaciers Deposit. The ground moraine which was 
formed under the ice is only one of several forms of glacial deposit, or 
glacial drift. At places where ice advance was for a long time nearly 
balanced by the rate of melting, the edge of the ice remained almost 
stationary for years or scores of years. About these stagnant margins 
accumulated great ridges of drift, which, as a class, may be called 
marginal moraines. Those formed about the margin of the ice at its 
most advanced position are called end moraines, while similar ridges 
formed at times of pause or slight readvance during its stagnation and 
final wastage are called recessional moraines. Marginal moraines are 
comprised of drift that is in part shoved or plowed in front of the 
moving ice and in part fallen or washed out of its melting margin 
(Fig^ 181). 

I'here is much of the glacial load, however, which does not stop 
under the ice or upon the moraines about its margin. This material is 
carried beyond the ice margin by the streams of water that result from 
tile melting of the ice. Like all stream-transported earth, it is sorted 
somewhat according to weight, the fine muds being carried farthest, 
and ihe coarser heavier materials being put down close in front of the 
ice. There are made by this process deposits of stream-sorted materials, 
such as gravel and sand, some of which extend away from the ice margin 
after the manner of river floodplains. The deposit of a glacial stream is 
classed generally as glaciofluvial rather than as glacial material. When 
these stream-sorted glaciofluvial deposits are arranged in floodplain 
form, they are known as a valley train; and when they are spread in 
broader fanlike deposits about the ice margin, materials of the same 
origin are called outwash plain (Fig. 189). 

364. Glacial Disturbance of Drainage. The processes of 
glacial erosion and deposition both disturb the normal processes of 
stream development. Glacial erosion, unlike stream erosion, does not 
produce a uniform slope or gradient. Instead, glacially eroded surfaces 
exhibit numerous upgrade slopes in the direction of ice motion, rock 
basins, and ice-scoured hills, whose patterns of arrangement result from 
the accidents of the direction of ice flow, its erosive capacity, and 
inequalities in the resistance of the rock formations. In regions of glacial 
deposition also there is little of local plan or order in the thickness and 
arrangement of the drift. Consequently, the drainage of both ice-erodeti 
and drift-covered regions appears without pattern, wandering, aimless, 
falling here over a ledge of rock or collecting there as lake or swamp in a 
depression (Fig. 188). Such stream patterns do not grow entirely as 
the result of headward erosion but come into existence with the 
uncovering of the surface at the disappearance of the glacier. 
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365. Newer and Older Drift. Among the glacial deposits of 
North America are striking contrasts as to apparent age. In the 
younger drift freshly scratched boulders, newly piled hills, and unfilled 
depressions indicate an origin in very recent geologic time. Other 
deposits, clearly glacial in nature, contain many weathered boulders, 
hills much subdued by rainwash, and depressions so generally filled 
that lakes and swamps arc few. From these and other evidences it is 
known that the continent was invaded by ice sheets at least three 
times at intervals of many thousands of years, but all of them in rela¬ 
tively recent (Pleistocene) geologic time (Fig. 197, Appendix E). 

The Gradational Processes of Waves and Currents 

366. Where Land and Sea Meet. The oceans, seas, and lakes 
of the earth cover more than 71 per cent of its surface and are important 
agents in the making and changing of landforms. Their work is accom¬ 
plished by means of movements of the water, especially waves and 
currents. These are induced mainly by the wind and, to a lesser extent, 
by the tides and other causes. Although waves and currents are found 
in the open seas as well as in coastal waters they do not reach the 
bottoms of deep seas and so produce no change there. Their work is 
restricted to the shallow sea margins with waters of less than 600 ft. 
depth. Even in these ocean shallows the amount of wave work is small, 
and by far the greater part of it is performed along the coastal margins 
in waters of no more than a few feet or a few tens of feet in depth. The 
total areas subject to change by this force are, how(*ver, considerable, 
since the shorelines of all the lands have a combined length of many 
thousands of miles. 

The work of waves and currents, like that of rivers and glaciers, 
has two phases: degradational and aggradational, or erosional and 
depositional. 

367. How Waves and Currents Degrade Land. The greater 
part of marine erosion is accomplished by waves. Waves, most of which 
are caused by the wind, are undulatory motions of the water. In small 
waves the motion is confined to surface waters, but in great ones there 
is sufficient agitation to cause some churning of the bottom at con¬ 
siderable depths. This action aids in the removal of material from 
elevations on the shallow ocean bottoms. With the help of currents 
the material is gradually shifted to lower or more protected places, a 
process that results in a general leveling of the sea floor near the shore 
where the agitation of the water often extends to the bottom. 

There is little forward motion of the water in the waves of the open 
sea. A wave is the motion of a shape, not of a mass. The wave form 



THE AGENTS AND PROCESSES OF GRADATION 297 


moves forward just as waves may be seen to run across a field of 
standing grain or may be sent along a shaken rope. However, as a 
wave enters shallow water a change comes over both its shape and its 
motion. The wave form shortens horizontally and increases in height. 
It drags on the bottom; inclines forward, eventually to topple, or 
breaks with a motion that throws forward a considerable amount of 
water (Fig. 185). The water thrown forward by breaking waves rushes 
upon the shore only to lose its velocity and run back, under the pull 
of gravity, beneath other oncoming waves. The returning water is 
called the undertow, and it has sufficient force to be an important fac¬ 
tor in erosion. 


Beach Breakers ^ 




Fig. 1S5.—Diagrams to illustrate wave forms and action in both shallow and deep 
shore waters. {A) Waves drag in shallow water, change form, topple, and break some 
distance from shore. {B) In deep water they break directly on shore. 


The erosive work of waves is accomplished both V)y the forward 
motion, or slap, of the water as the waves break and by the sand and 
rocks that they carry and use as tools. In either case the principal 
work is done where the waves break. On exposed coasts, where deep 
water lies immediately offshore, even great waves do not break until 
they reach the shoreline. There the force exerted by the sheer weight 
of the water in great waves is truly impressive. Blows of a ton or more 
per square foot are not uncommon. This is sufficient to dislodge and 
move about rock fragments of great weight. The effect of the undertow 
is to move the broken fragments away from the shore into deeper water 
where they are caught by oncoming waves and moved shoreward again. 
By this means waves are furnished with tools that greatly increase 
their erosional effectiveness. Sand, pebbles, and sometimes great 
boulders are hurled upon the shore, especially at the bases of exposed 
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headlands. There they are thrown forward and rolled back in endless 
repetition, scratching and grinding against each other and the solid 
rock of the shore, accomplishing notable erosion. The general effect 
of wave erosion is to cut back coastal projections, decreasing the area 
of the land, straightening the coast, and developing, in the process, 

several characteristic coastal fea¬ 
tures such as wave-cut cliffs and 
marine benches (523). 

When the direction of the wind 
is such that waves strike a shore 
obliquely the combined effects of 
the diagonal shoreward motion of 
the breaker and the oifshore motion 
of the undertow is to cause both 
water and the wave-transported 
material to progress slowly, by 
angular, in-and-out paths, along the 
shore. Where the winds are prevailingly from one direction there is 
set up by this means a continuous flow of water, or lorigshore current, 
which has much to do with the distribution and forms of coastal sedi¬ 
ments (Fig. 136). 

368. How Waves and Currents Aggrade. The products of 
wave erosion, together with sediments emptied into the sea by rivers, 
are shifted about by waves and currents but ultimately are deposited 
by them. Their tendency is to settle first in low places, aggrading them 
and leveling the sea floor. Because wave activity does not extend to 
great depths, the sediment, nearly all of which is land derived, does 
not spread far from shore. The coarser is deposited first, and the finest 
is carried farthest out. This process results in a general assortment of 
shore deposits according to their sizes. Large boulders seldom are 
moved far from the places of their origin. Pebbles of comparable size 
are collected as deposits of shingle and beach gravel. Sands are more 
easily moved, cover vast expanses of shoreline, and extend out into 
waters of some depth. Beyond these, and also in protected shore waters, 
are collected the silts and muds that remain longer in suspension and 
are deposited in the quiet offshore waters of greater depth or in those 
of protected bays or coastal lagoons. In areas so situated that little 
mud is deposited there, lime is precipitated from solution and accumu¬ 
lates together with the limy and siliceous shells of small marine 
organisms. 

Thus are originated the sands, muds, and limes which in many 
regions have been uplifted from shallow sea margins and have become 



Fio. ISf).—A map diagrani to illus¬ 
trate the in-and-out path of a pebble 
under the combined forces of oblique 
waves, undertow, and longshore current. 
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the stratified sedimentary rocks of the continents. Changes of condition 
during the deposition of marine sediments, such as increase or decrease 
in depth of water or change in the supply of sediments, result in the 
sequent deposition upon one part of the sea floor of sediments of 
diftereiit kinds. For that reason it is usual to find undisturbed sedi¬ 
mentary rocks including sandstones, shales, and limestones, in any 
order of sequence, one above another. 

369. Where Waves and Currents Aggrade. During the 
progress of coastal aggradation under the influence of waves and cur¬ 
rents, the deposits of sediment alongshore assume a number of distinc¬ 
tive forms and modify coastal outlines. These have some importance 
among the characteristics of coastal regions and greatly affect the 
manner of their human use. Although the features themselves are to 
be considered in other connections, it may be noted here that they 
are formed mainly in shallow water. The breaking of waves on shelving 
bottoms and the slacking of currents in the quiet waters of sheltered 
bays and in the lee of projecting coastal features all provide conditions 
under which sediments accurniilate. 

The Gradational Processes of tlie Wind 

370. How THE Wind Degrades. The wind is an important trans¬ 
porting agent. The air is never without dust in suspension, and winds 
of high velocity are capable of moving sand and even pebbles for some 
distance. Some of the materials carried by the wind are thrown into 
the air by volcanic exjilosions, but the greater part is obtained by the 
wind directly from the earth. This process of surface degradation, 
during Avhich dust is whipped up by the wind and is transported from 
one place to another, is called deflation. 

The process of deflation is least effective in regions where soil 
particles are moist and adherent or arc protected by a covering of 
vegetation. They are most effective in regions of aridity and scanty 
vegetation such as the deserts, exposed areas of beach sand, the 
recently dried muds of river flats, areas of newly deposited glacial 
drift, or bare plowed fields. Over large areas of desert surface all the 
fine material has been removed by the wind, leaving a desert pavement 
of the heavier gravels and pebbles (Fig. 208). 

The process of deflation is to some extent aided by wind abrasion. 
The wind-transported particles scratch, polish, and reduce each other 
and to some extent the solid rock, producing fine particles which in 
their turn are removed from the region. 

371. How Wind Aggrades. Wind, like streams and waves, 
deposits its load of coarse material promptly but is able to carry fine 
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particles farther and distribute them more widely. Loose sands are 
supplied in abundance by the weathering of desert rocks or by wave 
deposition on shorelines. Where the sands are not anchored by vegeta¬ 
tion or moisture they are whipped up by wind and drifted into the 
sheltered lee of some obstruction, where the decrease in wind velocity 
permits some to be deposited. Thus is begun thc^ growth of a sand dune 
which, by its own height, provides further shelter and promotes its own 
growth. The growth of a dune often is accompanied or followed by a 
change of its location. A film of sand is strip[)ed from the windward 
slope of the dune and deposited in the lee of the crest. J3y continuous 
subtraction from the windward and addition to the leeward the dune 
moves slowly, but seldom far, from the source of sand supply (Fig. 218). 

The dust supplied by rock weathering and abrasion in dry regions 
is drifted by prevailing winds over wide expanses to the h'eward. There 
probably is a considerable quantity of wind-borne dust in most soils, 
but in regions immediately to the leeward of arid lands, where deflation 
is active, it is particularly abundant and may attain great thickness. 
Considerable accumulations of wind-deposited dust are called loess 
(444). In northern China there are extensive deposits of loess that in 
places reach more than 100 ft. in thickness. In central Europe and 
central United States also are widespread loess dep()sits which may 
have originated in part from the muds of glacially enlarged drainag(‘- 
ways during the glacial period. 



Section D. La^ndforms 




372. The* foregoing discussion of earth materials and processes leads 
naturally to a consideration of the earth features resulting from the 
operations of those processes upon earth materials. This, it may be 
repeated, is a matter of immediate concern to the studc'iit of geography. 
The purpose of this section of the )>ook is to describe and depict some 
of the significant and recurring surface features of the land, to sketch 
their patterns and locate regions in which they are found, and to 
indicate something of their relative degrees of human utility. The 
princiy)al groups of landforins to be considered, as distinguished by 
their several characteristic features and degrees of relative relief, are 
(tt) plains, (6) plateaus, (c) hill lands, and (d) mountains. 

Within each of the above principal groups there are surface features 
of a smaller order of size. These are the hills and valleys, the broad 
uplands and flat lowlands, and the many other landforms with which 
the daily affairs of m(‘n are concerned. xVnalytical study of the variety 
of features characteristic of any one of the major landform groups 
shows (a) that they are capable of separation into types upon the basis 
of their shapes and manner of arrangement and (6) that each type 
results from the interaction of earth processes in a region wdth given 
conditions as to climate and as to kind and structure of rock. It is the 
purpose of the chapters that follow in Sec. 1) of this book to describe 
the groups of landforms and their distinctive types of features and to 
indicate the manner of their association. By constant reference to the 
brief discussions of materials and processes in Sec. C the likenesses or 
differences between features may be sharpened and made clearer. 
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Chapter XIV. Plains of Stream 
Degradation 


General Considerations Relative to Plains 

^37"3. How Plains May Bk Distinguished. It is recognized 
commonly that, of the four principal classes of landforms, plains have 
the greatest areal extent and general habitability and that most of the 
world’s great plains are situated in their respective continents so that 
they slope toward bordering seas without notable interruptions to 
the continuity of their surfaces. However, an acceptable basis for 
definitely distinguisliing plains from each of the other major subdivi¬ 
sions is not easy to arrive at because plains lands, in many places, 
grade almost without interruption into hill lands or plateaus. One 
significant difference among the four classes of features is found in 
their respective degrees of roughness. This may be measured in terms 
of heal reliefs i.e,^ the difference between the elevation of the highest 
point and that of the lowest point within a limited are^a (876). TJie term 
plain is here applied to all land that is relatively low with respect to sea 
level and has a local relief of less than about 500 ft. 

All plains lands are by no means alike in their elevations above sea 
level. Some broad plains reach altitudes of several hundreds of feet 
while others are depressed and stand, behind barrier rims, at elevations 
somewhat lower than sea level. There are other differences between 
plains also. Some are very flat while others are rolling or even rough, 
within the limits of their general relief. However, in spite of their 
great variability, plains are much the most habitable of the major 
landform subdivisions of the continents. Because of their low degree 
of local relief they have, generally, low angles of slope. They are, 
therefore, easily traversed by routes of transportation, and the surfaces 
of such as are climatically suited to crops largely are capable of tillage. 
In some parts of the American corn belt as much as 70 to 80 per cent 
of the total land area is plowed and planted to crops. That leaves but 
20 to 30 per cent to be devoted to pasture, wood lots, farm buildings, 
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roads, towns, and all other uses. This could not possibly be true of 
plateaus, hill regions, or mountains. Plains have, therefore, as com¬ 
pared with plateaus, hill lands, and mountains, large food-producing 
capacity, and it is not surprising that they contain the principal 
centers of world population. 

374. General Distribution of the World’s Plains. A study of 
the location and distribution of the world’s great plains (Plate VII) 
will reveal the significant fact that much of the greatcT jiart of them arc 
situated in their respective continents in a manner such that they are 
tributary, both j)hysi(‘ally and commercially, to the Atlantic Ocean. 
Some are directly so while others, such as the plains of northern Asia, 
are only indirectly tributary to the Atlantic. The Siberian plains, 
although they are, in large part, nearer to the Pacific Ocean, art* 
separated from it by considerable mountain or plateau barriers. Only 
the smaller plains of southern and eastern Asia, Australasia, and 
western America face upon the Pacific Ocean. This condition is to be 
expected, in view of the fact that the borders of the Pacific (comprise 
the most extended world region of young and growing mountains. 

375. The details of plains relief include uplands and lowlands, 
ridges and valleys, hills and hollows, all within local ranges of eleva¬ 
tion of 500 ft. or less. In some respecYs they an* like the similar features 
found in plateaus, hill lands, and mountains except that they have less 
relief and much greater areal extent. However, there are so many 
essejitial differences between the characteristic features of plains and 
those of the lands of greater relief that the former are worthy of 
separate and extended consideration. 

A survey of the plains regions of the world from the viewpoint of 
their smaller relief features indicates that there are extensive areas in 
which essentially the same combination or association of features is 
found throughout. One of these areas of physiographic unity is likely 
to be a region of uniform rock composition and tectonic history which 
has been acted upon by the same gradational agents to about the same 
degree. Because of differences in the shapes and arrangements of their 
features, plains regions of different origins and histories do not look 
alike. For that reason it becomes necessary to classify them in order 
that they may more adequately be described. 

376. Classes of Great Plains. For the purpose of convenient 
description the major plains lands of the earth may be grouped in 
several different ways. The basis of the grouping will, of course, depend 
upon the purpose for which it is made. The following are possible 
groupings, each of which has its own merits from the standpoint of 
regional geography: (a) Plains may be classified in accordance with 
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their climatic situation. There are, for example, humid tropical plains, 
arid tropical plains, subarctic plains, and others. Such a grouping 
of the plains of the world recognizes an important element, the climatic 
one, concerned in the development of the landforms of plains but does 
not thereby give a complete background for the understanding of 
all the landforms commonly found in ])lains of each of the climatic 
regions, (b) Plains are sometimes classified, in accordance with their 
situations in their respective continents, as coastal plains and interior 
plains, (c) They may be classified also in accordance with their preva¬ 
lent conditions ol* geological composition and rock structure. Upon 
this basis one may recognize plains of horizontal sedimentary rock; 
peneplains of ancient crystalline rock; plains of glacial deposition; 
and others, (d) Highly important, from the ge<)gra])hic‘al point of view, 
is the comparative roughness of plains. The element of roughness is 
significant because it is indicative of various aspects of tiie human 
utility of plains, such as tlie freedom of drainage, the rapidity of soil 
erosion, or the ease of tillage. jMoreov^er, it is measurable with some 
accuracy in terms of local difference in elevation, or local relief. 

The comparative roughiU‘ss or local relief of landforms may be 
indicated by TTieans of the maximum differencH* i?i elevation found 
within any chos<‘n area of restricted size. A study of local relief in 
the XJnited States, upon whi(*h the following classes were based, 
employed for the pur})ose the area of a quadrangle of 7 ^' of latitude 
and longitude, including horizontal distances not exceeding 10 miles. 
Upon this basis one may recognize {a) flat plairus\ having a local relief 
of less than 50 ft,; {h) undulating plains^ having a local relief of from 
50 to 150 ft.; (c) rolling plainSy having a local relief of from 150 to 
300 ft.; and (d) rough dissected plains^ having a local relief of from 
300 to 500 ft. 

Each of the above broadly descriptive classifications is based upon 
conditions which need to be understood before the habitat significance 
of a plains region and the details of landform developed upon it can 
be appreciated fully. A classification involving all the elements indi¬ 
cated above certainly would be more explicit but also more complicated 
and less inclusive. Under such a classification one might list, for 
example, a gently undulating coastal plain of unconsolidated, hori¬ 
zontal, marine sediments in humid subtropical type of climate; or, 
in contrast, a rolling, ice-scoured, interior plain of peneplaned crystal¬ 
line rocks in subarctic climate. Such detail, if it were followed through 
its logical' development, with examples cited from all parts of the world, 
would far exceed the limits of space imposed by a brief consideration 
of the general subject of plains. 



306 THE PHYSICAL ELEMENTS OF GEOGliAPHY 


As a practical approach to this subject a major subdivision of plains 
is made in the following pages upon the basis of the dominant agents 
and processes concerned in their origin. Those processes are (a) 
stream erosion, (b) stream deposition, (c) the work of glaciers, and 
(d) the work of the wind. Each class of plains is then considered in 
terms of its inherent characteristics. These include (i) degree of local 
relief; (ii) the sliapes of valleys; (iii) the shapes of interstream, or 
divide, areas, including ridges and isolated hills; and (iv) the types 
and conditions of drainage. Not only does every plain include particular 
examples of each of these classes of features, but it is characterized by 
a distinctive pattern or arrangement of these features with respect 
to eacth other. It will be understood that the differenc(‘S betwecui the 
types of features and the patterns of their arrangement in plains are 
the result of the operation and interaction of the several tectonic and 
gradational forces previously consiflered. Among the conditions 
involved are (a) differences in climate; (b) differences in kind and 
structure of rock; (c) differences in the kinds of gradational agents, 
past or present, that have molded the surface forms; and (d) differences 
in thc‘ stages of completion to wdiich the vseveral agents have carried 
their respective processes of surface modification. 

It is not expected that the classes of plains to be discussed are 
entirely mutually exclusive or that they will include every part of 
each of the world’s great plains. There are certain omissions and some 
overlaps. For example, the plain of southeastern Wisconsin is funda¬ 
mentally a stream-eroded plain, but it is covered by a veneer of glacial 
drift which in some places quite obscures and in others only partly 
obscures its stream-eroded features. The same region may be con¬ 
sidered, therefore, as an illustration of both stream-eroded and 
glaciated plains. 

Stream-eroded Plains 

377. Plains in which the principal details of landform result from 
the erosional or solvent action of surface waters are of various rock 
structures, either simple or complicated. In order that erosional details 
of the various types may be seen in their areal associations with each 
other, it will be well to examine plains resulting from the erosion of 
different types of structure and to view them at different stages in 
their erosional x>rogress. To that end may be considered first the simple 
features of a newly emerged coastal plain and later those of stream- 
eroded plains developed in rocks of greater age and various degrees of 
structural complexity. 
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378. The Features of Newly Emerged Coastal Plains. The 
gently sloping surfaces of many coastal plains are continued beneath 
the margins of adjacent seas as continental shelves. Although they are 
covered by shallow seas, the continental shelves truly are parts of the 
continental blocks. It would require but slight elevation or depression 
of the land relative to sea level to add considerably to, or subtract 
from, the areas of coastal plains (Fig. 137). It has been indicated 
previously that the continental shelves are the sorting and settling 
places for the sands, muds, and limes which come directly or indirectly 
from the land (368). Because they are contiiiiuilly worked over by 
waves and currents the sediments are so evenly distributed within 
their respective zones that the surfaces of the continental shelves are 
smooth and essentially flat. The slow emergence of a portion of a 



Fig. 137. —The flat swampy surface of the Florida Everglades, part of a newly emerged 

plain. 

continental shelf would add to a continental margin a low and almost 
featureless plain. It would be comprised of loosely compacted and 
alternating layers of sands, muds, and lime which normally would lie 
nearly horizontal or have a slight inclination seaward. Such a plain 
would be mainly of tectonic origin since weathering and erosion would 
have, as yet, little opportunity to change its features. 

Plains of this manner of origin have been formed in various parts 
of the earth during its long history, but, although they may be flat 
following their emergence, they do not long remain featureless. As the 
land emerges, inch by inch, it is attacked by the agents of degradation. 
Streams, originating far inland, continue their courses across the new 
land of the coastal margin. Rain wash develops tributary gullies in it 
and produces erosional landforms. However, the valleys of low coastal 
plains cannot be deep because baselevel is close below the surface. 
They may, in humid climates, be numerous, each*section of the plain 
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discharging its drainage into the sea by independent channels. Even 
where streams are numerous their gradients are likely to be so low that 
their tributaries are unable to erode quickly into all parts of the inter¬ 
stream areas. The latter tend therefore to remain flat and to be poorly 
drained. They contain swamps, small and large, which lie in minor 
depressions of the ancient sea bottom or its coastal margin and do not 
have streams with gradients sufficiently steep to drain them. 

When valleys are eroded on such low gradients as those of a newly 
emerged plain it is clear that if the erosion is followed by a very slight 
subsidence of the land relative to sea level it will be sufficient to enable 
the sea to creep landw^ard in the lower portions of the valleys. Such an 
encroachment of the sea will turn stream mouths into bays and stream 



Fra. 188.—Flat but well-drained coastal plain in Texas. 


valleys, already at baselevel, into tidal marshes. Features of this kind 
will be discussed later in connection with the shore features of plains 
lands (449). 

379. Examples of Newly Emehged Plains. There are several plains 
in the world whose characteristic landfonns indicate that they belong to the 
newly emerged class. Among them is that portion of tlie United States 
included in the coastal margins of the states of Virginia, the Carolinas, 
Georgia, and parts of the Gulf Coast from Florida to Texas (Fig. 138). 
Most of this plain is flat, the local relief being less than 50 ft,, and, although 
the difference in their respective elevations is slight, there are large areas of 
both river-bottom and upland sw^amps. The upland swamps, locally called 
pocosins, or hays^ are situated upon the divides or interfluves and are ex¬ 
ceedingly numerous (Fig. 139). Although they generally are of small size, 
a few of them are of notable extent. The largest arc the Everglades of 
Florida; the Okefenokee Swamp, located astride the Florida-Georgia 
boundary; and the Dismal Swamp of North Carolina and Virginia. The 
swamps of the Atlantic and Gulf Coastal Plains, both upland and river 
bottom, are so numerous and so large that they comprise nearly two-thirds 
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of all the ill-drained lands of the United States. Other coastal lowlands also 
are characterized by the presence of large swamps. Such is the nature of the 
broad coastal flats of eastern 
Nicaragua and the (‘astern 
coast of South Africa. 

On the Arc'tic fringe of 
Eurasia, botli east and west 
of the Ural Mountains, are 
newly emerged plains. In 
them the features of poor 
drainage, common to plains 
of this class, are accentuated 
by permanent frost in the 
ground. 

380. Belted Coastal 
Plains. Some coastal plains 
are characterized by features 
of erosion more than by the 
flat surfixees of newly enic'rged 
kScu bottom. They have been 
above sea level long enough 
and have sufficient elevation 
so that streams have etclu‘d 
their surfaces into low relief 
(Fig. 140). Sedimentary 
rocks (^f unequal resistance to erosion, conditions of (dimate, and 



Fkj. 139.—The interfluves in this area have 
not been entirely rejie.lied and drained by the 
stream tributaries, (’onipare the elevations of 
different swajnps. 



Fig. 140. —The undulating surface of the inner coastal plain in central Georgia. 
The low interfluve is cultivated, but the slopes and bottoms of the creek vaUeys are 
wooded. 


accidents of major stream position combine to produce features the 
forms and patterns of which are distinctive. 
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Upon the inner and more elevated portion of the Atlantic and 
Gulf Coastal Plains of the United States stream erosion of the young 
sediments has produced a notable arrangement of features. Here are 
exposed, one after another, the landward edges of the lower and older 
members of the: whole series of gently inclined coastal-plain strata 
(Fig. 141). Erosion has beveled their surfaces and has exposed them 
so that they appear as alternate bands or belts several miles wide and 
many miles long which trend, in a general way, parallel with the coast. 
The relation of these rock strata to each other is like that of several 
sheets of paper piled so that, beginning at the bottommost, each 
protrudes a little distance beyond the one above it. If the papers were of 
different colors the exposure of each would produce a band or belt of 
color. A region in which the rock strata are so exposed is known as a 
belted coastal plain. It has an undulating surface and, because it is 



Fig. 141.—A diagram to illustrate the cuestaform ridges, intervening lowlands, and 
related rock structure of a belted coastal plain. I'he rock strata shown in solid black are 
indicated as having superior resistanee. 

somewhat higher and has slightly steeper stream gradients, it has not 
the great areas of swampland that are found on its newly emerged 
seaward margin just previously described. 

Because the belts are made up of strata of lime, clay, and sand they 
differ in their features of soil, drainage, and relief. The sediments, 
although geologically young, have been somewhat consolidated by 
pressure and cemented by minerals deposited from solution. They 
are inclined toward the coast at low angles but not so low as that 
of the slope of the plain in the same direction. Streams have carved 
more readily into the less resistant of these formations, leaving the 
exposed edges of the more resistant, often sandstones, standing in 
relief. Owing to the attitudes of the rocks, long low ridges are thus 
produced alternating with broad lowlands. The ridges, under humid 
climate, have been carved into belts of hills. They have a relief of from 
100 to ^00 ft. above the lowlands, trend roughly parallel to the coast, 
are asymmetrical, and usually present steeper faces toward the inland 
direction and more gentle slopes to seaward. The relation of the 
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alternating ridges and lowlands above described to each other and 
the manner of their erosion by streams will become apparent from a 
study of Fig. 141. Ridges of this kind are called cuestas. Their steeper 
inland faces ^are called escarpments; an<l their gentler slopes arc called 
dip slopes. Figure 142 shows the conspicuous ridges of the Alabama 
Coastal Plain, together with the pattern of the streams now adjusted to 
the rock structures of the region. The valleys between the ridges are 
called lowlands, and the innermost valley, which is adjacent to the older 
land, is called the inner lowland. Extensive plains that include a series 
of cuesta ridges and intervening lowlands may be spoken of as cuesta- 



form plains. It happens that the broad inner lowlands on both the 
Alabama and^ Texas Coastal Plains are eroded in chalky limestones 
which have given rise to soils of great productivity (625). These low¬ 
lands, which are called the Alabama Black Belt and the Texas Black 
Prairies, have become major centers of population and agricultural 
wealth (Fig. 143), 

S81. Stream-eroded Plains in Older Sedimentary Rocks. 
Many plains of gently inclined sedimentary rock, located well to the 
interiors of continents, show features somewhat like those of the belted 
coastal plain. These have been developed by stream erosion but are 
different from those of coastal plains because the ancient strata have 
been soinewhat changed, by diastrophism and the cementing action 
of deposition by ground water, both as to their positions and as to 
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their resistance to erosion. It is probable that erosion, in these older 
plains, since their emergence as coastal plains, has removed scores or 
even hundreds of feet of rock that formerly lay above the present 
surfaces. During this slow process the original surface of the coastal 
plain, with its ill-drained depressions, has completely disappeared, 
and the streams have adjusted themselv^es to the conditions of struc¬ 
ture and hardness in the different rocks. These older and better con¬ 
solidated sediments hav^e existed through long p>eriods of geologic 
history and hav^e, in some places, been involved in minor tectonic 
movements wliich have resulted in changes in the inclination of the 
strata or in the formation of broad structural arches and basins. 
Stream carving in tlie rocks of which tlu‘y are nnide has produce*d 
several distinctive kinds of plains features. 



Fig. 143.—White Rock escarpTiient, the west-facing front of a low cuestaforni ridge on 
the Texas (k»a.stal Plain near Dallas. 


382. Stream-ekodeo Tlains, Young and Old. Although plains 
are lands of low relief, even they pass through the successiv e stages of 
erosional development from youth to old age. This is true of coastal 
and cuestaform plains no less than of others, and the features of such 
plains merely mark special developments due to the differential erosion 
of inclined sedimentary rocks. But not all stream^roded plains have 
cuesta and lowland features. Some have been eroded in sediments 
the attitudes of which coincide so nearly with the slopes of the present 
surfaces that single rock strata are exi)osed over large areas. Others 
have been eroded in regions of faulted sediments, and still others in 
regions of crystalline rocks of great age and structural complexity, 
which formerly were hills or even mountains. As their erosion proceeds 
the landforms of these plains reflect the local peculiarities of rock 
structure, climatic condition, and the stage of completion to which 
the streams have carried their work. 
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In regions where stream erosion is the principal gradational process, 
some plains are smooth because they are young, and the erosional 
process has barely begun; some are smooth because they are old, and 
erosion has proceeded as far as it can; and a few are smooth because 
they have been stripped down to the smooth surfa(;e of some resistant 
and widespread rock formation. In general, the roughness of a plain, 
tliat is, the thoroughness and depth of its stream dissection, depends 
upon the elevation of the plain with respect to the local baselevel and 
upon the stage to which the erosional cycle has advanced. Therefore, 
plains of whatever rock structure may be classified also, according to 
the stage of their erosional development, as young, mature, or old 
(855). A newly emerged coastal plain is likely to be young. It may be 
eroded, but it cannot be very rough because its baselevel is so close 
beneath the original surface that even mature dissection by streams 
cannot ])ro(luce deep valleys. Some elevated interior plains are nndis- 
sected, fiat, and very young, but others, where erosion is well advanced, 
are so rough that they reach the arbitrary limit of 500 ft. of local relief 
s(‘t for plains and approacdi hill country in appearance. Plains that have 
been reduced to old age by stream erosion usually have undulating 
surfaces. 

388. Young siremn-eroded plains are characlerized by broad, smooth 
interfluves which are travers(‘d at intervals by narrow, steep-walled 
valh'ys. In some young plains the major valleys have rtvached grade 
and have d('veloped broad bottoms in which the streams meander 
before the tributary valleys have become so numerous as to dissect the 
interfluves minutely. In such plains tributary gullies may be most nu¬ 
merous close to the main stream, where the gradient from upland to 
valley fiat is st(‘ep. There they dissect the valley walls, making a fringe 
of rough land (sometimes called “river breaks”) between the graded 
valley flat and the smooth upland. These features are particularly 
characteristic of plains developed under semiarid climates, such as the 
High Plains of the United States (Fig. 144). In regions of young plains 
the broad interfluves generally are the principal sites of agricultural 
settlement, routes of transportation, and urban centers. Minor valleys 
are narrow and subject to flood. Their walls are steep and are the least 
usable of the plains lands. The broad bottoms of some major valleys 
contain usable land; some are important commercial thoroughfares, 
and, in dry regions, they are more easily adapted to the requirements 
of irrigation agriculture than are the uplands. 

384. The Streams of Young Plains and Their Valleys, The streams 
of young plains have, from the beginning, relatively low gradients. 
This does not mean, however, that they do not have the charac- 
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teristics of youth (351) but merely that the features are not so per¬ 
sistent. In their downward cutting they encounter rocks of unequal 



Fig. 144.—Sharply dissected bluffs or river breaks separate flat river bottoms 
from rolling interfluves in parts of the Great Plains. (1) Rolling interfluves; (2) river 
breaks; (3) river bottoms. 

resistance and develop falls and rapids. Many of these are of low eleva¬ 
tion, but, if they occur in the courses of large streams of uniform flow, 
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they may have great capacity for producing water power. Because 
streams in plains commonly reach grade quickly, they take on the 
characteristics of maturity before the land through which they flow 
reaches erosional maturity. Therefore, by the time plains reach matur¬ 
ity the streams that flow through them generally have well-graded 
courses in which falls and rapids are infrequent or have disappeared 
entirely (Fig. 1»30). However, evidence of unequal resistance in the 
rocks of the valley wall sometimes persist in the form of rock benches 
or terraces along the valley sides. These result from differential 
degradation, the upper surface of a resistant rock stratum forming a 
terrace while its eroded edge forms the steeper slope below (Fig. 
145). 



t\G. 145. Rock terraces, flat-topped, slcplike benches, bordering the Platte River 
ill southeastern Wyoming. {U. S. (ieological Survey Photograph.) 

The stream systems of young stream-eroded plains generally are 
dendritic, or treelike, in pattern (Fig. 238). In regions of horizontal 
strata or uniform rock they are likely to remain so throughout their 
development. In regions of inclined strata or diversified rocks other 
patterns are likely to develop only with the adjustments of streams to 
structure that come with more advanced erosional stages. 

385. Mature stream-eroded plains y such as those of southwestern 
Wisconsin, southern Missouri, the Ohio Valley, or the Highland Rim 
of Tennessee show a variety of forms as to both relief features and use. 
In plains of early maturity the interfluves, although narrowed by in¬ 
creasing dissection, often have more flat land than do the valleys and 
are the areas of principal settlement. However, their development 
involves an increase in the proportion of land in slopes and a corre¬ 
sponding decrease in the area of flat land. In later maturity the inter¬ 
fluves are reduced to mere ridges; and the farms, roads, and villages 
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are more largely concentrated in the broadened valleys (Fig. 146). 
Examples of local variations in the patterns of relief features and 
cultural forms may be found in each of the regions named above and in 
many other maturely dissected plains. 

In certain plains regions of semiarid climate and nonrcsistant or 
por>rIy consolidated sediments mature dissection produces landforms 
of peculiarly intricate pattern and sharp detail. Imder tlies(‘ conditions 
rapidly eroded gullies dissect the upland minutely, hut there is little 
softening of the contours of the features by soil creep or continuous 
rain wash. The result is a surface of a type known as badlands. Con¬ 
siderable areas of badlands of this kind are found in the plains of 
western Nebraska and the Dakotas, where they attain the relief charac¬ 
teristic of hills (483, Fig. 239). 



Fig. 146.— Rough dissecterl plain in southwestern Wisconsin. The local relief in this 
region averages about 500 ft., but in some localities it exceeds that figure and the 
surface is truly hilly. {Wisconsin (Jeologkal Survey Photograph.) 


386. Old stream-eroded plains and peneplains are characterized by 
broadly open valleys. The remnants of former interfluves exist as 
low rolling divides between the streams but are too low to have any 
notable relation to the human occupance and use of the plains (Fig. 
131C). It is probable that some peneplains have developed from the 
long-continued gradation of plains of horizontal sedimentary rocks, 
which originally had youthful relief features l)ut have passed through 
the stages of maturity and old age. However, it is certain that others 
were originally not plains at all but mountain regions of highly com¬ 
plicated structures. The time required for the complete leveling of 
high and geologically complex mountain regions is so long, and the 
later stages of the process arc so slow, that few if any of the peneplains 
of crystalline rock ever were perfectly finished. Unreduced portions 
in the form of erosion remnants, or monadnockSy usually are to be 
found standing in bold relief above the general level of their surfaces 
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as reminders of the greater heights at which the regions once stood. 
Moreover, although many peneplains are known, none is now found 
that is either very low or very flat. It may be supposed that before 
the slow process was finished it was interrupted by diastrophic change 
which elevated the land sufficiently to steepen the gradients of the 
streams and permit them to erode the pejieplains into undulating or 
rolling plains whose uplands lie at the general level of the ancient 
surface and above which the occasional monadnocks rise still higher. 
Some peneplains have been so greatly elevated that portions of their 
former flattish surfaces are now found among the heights of hill 
regions or mountains. 

387. Lowland Penepi.ains. Some ancient peneplains, although some¬ 
what re-eroded, still are so comparatively level tliat they may he classed as 



Ficj. 147." "Spencer Mountain, a nionadnoek on the partially re-eroded peneplain of the 
Appalachian Piedmont, near (iastonia, N. (’. 

plains. The Appalachian Piedmont of the United States and parts of the 
Amazonian plain (Plates VI, VII) may be cited as examples of crystalline 
j)eneplains whose present surfaces have developed under conditions of warm 
and humid climate. Tliey are characterized by rolling surfaces, cx^casional 
monadnocks, and deep accumulations of weathered and leached regolith. On 
the Appalachian Piedmont the remnants of the ancient peneplain still are 
broad, although newer valleys have been carved into its surface. The uplands 
arc tJie sites of the principal cultural forms and are given over largely to 
farming which, in many localities, has resulted in a rapid erosion of the soil. 
In this region also some of the monadnocks are of more than local impor¬ 
tance. Such are Stone Mountain, near Atlanta, Ga., King’s Mountain, 
famed as a battle ground in the American Revolution, Spencer Mountain, 
North Carolina (Fig. 147), and others. 

There are in some regions of arid climate areas of stream-eroded pied¬ 
mont plain (pediments) the beveled surfaces of which are so closely associ¬ 
ated with desert phenomena that comment upon them will be reserved for 
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discussion with the features developed under arid climates (437). Also 
there are extensive areas of crystalline peneplain wliose present details of 
surface have been produced by agencies otlier than stream erosion. Such 
are the glaciated peneplains of Canada, northeastern United States, Sweden, 
and Finland (418). These, too, will be considered in other connections. 

388. CuESTAFOBM PLAINS. The development of interior plains by 
differential stream erosion on gently inclined, older sediments is not 
uncommon. One special result of this process is the formation of cuestas 
and lowlands like those of belted coastal plains, although some are of 
larger size. Of that origin are the plains of much of the upper Mississippi 



Fig. 148. —The Niagara cuesta and other less marked ridges produced by stream 
erosion in the older sedimentary rocks of the Great Lakes region. Paris of some of the 
ridges are deeply coviTed by glacial drift, and their approximate positions are shown by 
broken lines. 

Basin. In them the escarpments of some of the cuestas present features 
of bold relief, the height and irregularity of their crests depending 
much upon the thickness and resistance of the rock formations to 
which they are due. In general, however, the ridges of cuestaform 
plains are not bold features but are dissected into belts of hills whose 
heights are not great when compared with the widths of the intervening 
lowlands. 

389. Examples of Cuestaform Plains, In southeastern England the 
Lincoln Wolds, the Cotswold Hills, the several Downs, and other ridges are 
cuestas formed by the differential erosion of inclined rock strata. Mainly 
the ridge-making rocks are porous chalky limestones which have resisted 
erosion by their absorptiveness. In the Mississippi Basin various sedi¬ 
mentary strata incline gently away from the old land of the Lake Superior 
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Highland and disappear beneath the newer sediments of the Gulf Coastal 
Plain. The outcropping edges of the more resistant of them, mainly sandy 
or cherty limestones and dolomites, form a series of ciiesta ridges (321, 
Fig. 148). One of these is the Military Ridge of southwestern Wisconsin. 
Another, and a most persistent one, is the Niagara cuesta, an outcrop of a 
hard magnesian limestone. It traverses northern Illinois, eastern Wisconsin, 
upper Michigan, and peninsular Ontario and finally dies out in wes4:ern New 
York. Its projecting crest is the cause of the Door Peninsula of Wisconsin, 
the Manitoulin Islands, the Bruce Peninsula of Ontario, and the escarpment 
that gives rise to Niagara Falls. The dip slopes and intervening lowlands of 
these cuestaform ridges are undulating farm lands, although in central 
Wisconsin the inner lowland is a broad and relatively infertile sand plain 
resting upon an underlying sandstone. Minor features upon these plains 
include groups of hills which are remnants of the cuesta escarpments, 
detached and left isolated by differential weathering and erosion. Such 
hills, which lie out beyond the margin of the main body of the rock of 
which they are composed, are called outliers. They are exemplified by the 
Mounds of southern Wis(;onsin. The same processes have given some of 
these outlying hills bold or even fantastic and castellated forms. 

390. Plains of Concentric Ridges and Lowlands. In the long 
histories of the older sedimentary rocks have occurred minor changes 
of level which have resulted in widespread and gentle warping of the 
rocks. Some such are expressed in various of the curves of the cuesta 
ridges shown in Fig. 148. Others resulted in low broad structural 
arches or domes or equally broad structural basins. The latter in¬ 
clude several rock strata, some of considerable rt;sistance and others 
easily eroded, nested together like a pile of shallow saucers of decreasing 
size. The subsequent differential erosion of a structural basin produces 
a series of roughly concentric lowlands and cuestas with out-facing 
escarpments. The Paris Basin of France is a notable example of a plain 
of this class (Fig. 149). Its five or six low cuestaform ridges have been 
partially dissected by streams and stand as concentric but broken 
ridges upon a fertile plain. The shapes, heights, and arrangements of 
these cuesta ridges have played important parts in the appearance of 
the plain, its agricultural uses, the pattern of its avenues of transporta¬ 
tion, and the military defense of Paris, which is its natural focus. The 
London Basin is a similar, though somewhat elongated, structure which 
is traversed on its major axis by the Thames River. 

Structural arches or domes, when subsequently their tops are 
attacked and removed by weathering and erosion, also produce con¬ 
centric lowlands and cuestaform ridges but with in-facing escarpments. 
In England, for example, the south flank of the London Basin forms 
the north flank of an arch the chalk cuestas of which are called the 
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North Downs and the South Downs. Their escarpments face in upon 
the sands and clays of a rolling plain called The Weald (Fig. 150). 

391. Important Amerimn Plains of Concentric Features, In the United 
States there are several notable examples of plains formed by the erosion of 
structural arches. The most important are those developed by the erosion 



Fit]. 140." The principal cucslafurm ridges and out-facing escarpments of the Paris 

Hasin. 

of a long low arch whicli extends from southwestt^ru Ohio to northern 
Alabama. Upon it are two oval cuestaform plains, lliese are the Bluegrass 
Region of Kentucky and the Nashville Basin of Tennessee. Each is about 
the size of the state of Connecticut. The upper formations of the arch pri- 



Fig. 150.—A north-st)uth cros.s .section through the outskirts of London showing the 
surface features and rock structures of the London Basin and the Weald. The section is 
100 miles long, and its vertical scale is several times exaggerated. 


marily are composed of sandstones and other siliceous rocks from which are 
derived soils of rather low fertility. In Tennessee this is called the Highland 
Rim (Fig. 151). In the basins the removal of the overlying rocks has exposed 
easily weathered limestones, one of them a phosphatic limestone. The 
degradation of these less resistant rocks is responsible for the formation of 
the basins, the undulating plains and silt-and-cl^y-loam soils of which are 
]K>ted for their productivity (Fig, 152). About the margins of the basins are 





Fig. 15ii.—The undulating plain of the inner Bluegrass Region of Kentucky. 

Karst Plains 

392. Solution Features. In various parts of the world are small 
plains, and there are some of considerable size, the distinctive surface 
features of which result from the solvent work of underground water 
rather than from stream erosion. They may be called karst plains (350). 
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Regions of this kind are underlain by sediments which include layers 
of pure limestone. In some karst plains the soluble limestones make up 
the surface rock formations and are covered only by residual earth; 
in others they lie beneath some thicknesses of other rocks. In either 
case, however, the surface features show evidence of the removal of 
material beneath the surface and mainly in solution. 

In contrast with stream-eroded plains, karst plains are distinguished 
by a general absence of valleys. They are not always entirely lacking, 
since some large streams originating in border areas may cut entirely 
across a karst plain. Small valleys, however, generally are not numer¬ 
ous, some districts of hundreds of square miles’ extent having few if 
any. Instead of stream-eroded drainage patterns, karst plains have 
undulating, rolling, or sometimes rough surfaces in which numerous 
depressions without visible outlets are .separated by low irregular 
ridges or hillocks without definite pattern of arrangement. Some of the 



Fig. 15.S.—A diagnam illustratin^i karst plain features. Sinks of various types arc stiown 
in relation to features of limestone solution underground. 

depressions are large and irregtdar in outline; others are small and 
nearly circular. The depressions and their intervening ridges restdt 
from the unequal solution of the underlying limestones. Some of the 
basins are produced by surface solution, the water finding its outlet 
through the bottom into solution caverns, along joints, or into other 
underground channels. Some, on the other hand, appear to be the 
result of the subsidence of the roofs of former caverns. They vary in 
size from a few feet in diameter to sprawling depressions several miles 
in extent. Commonly they are designated by the general term sinks 
(Fig. 153). Some sinks are many feet deep, are steep-sided, and have 
obvious openings through which the surface drainage runs under¬ 
ground. Others are so shallow as almost to escape notice. In some the 
bottom outlets are partially or wholly stopped by clay or other 
materials, and the drainage escapes so slowly that swamps, temporary 
lakes, or even permanent lakes accumulate in them. Seldom, however, 
do the lakes rise to the point where they overflow their basins and spill 
into neighboring depressions through surface channels. 

Associated with the underground drainage of karst plains is the 
formation of numerous caverns, mainly small, which in some regions 
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thoroughly honeycomb the soluble limestones beneath. Fed by surface 
drainage, the waters of many solution cavities pass along joint plains 
or dissolved channels and sometimes join ultimately in underground 
streams of considerable size or issue as springs of remarkable volume 
(538). In a few karst areas thick limestone formations have permitted 
the solution of caverns of great size and extent, such as Mammoth 
(^ave, Kentucky. The partial collapse of cavern roofs in these regions 
results also in the formation of natural bridges. Features of that kind 
are not uncommon, but mainly they are of small size. 



Fig. 154. - A view in the karst plain of central Florida. The lake lies in a solution 
basin and it furnishes some frost protection to grapefruit groves on its southern and 
eastern sides. 

393. Notable Kakst Regions. Areas of solution features take their 
name from the Karst, a rough denuded limestone plateau and hill region 
which lies back of the Adriatic shore of Yugoslavia. Of the same rock type 
is the neighboring lowland of Apulia, the rolling plain of the “heel” of Italy. 
Broad sinks, there called dolines, are interspersed among barren limestone 
uplands. Because the sinks are low and soil floored they are the principal 
tilled areas, but in the rainy season the underdrainage cannot remove the 
inflowing water fast enough to prevent them from being very wet or even 
flooded. Other karst plains are found in North America, especially on lime¬ 
stone platforms bordering the Gulf of Mexico. The most extensive of these 
are located in Florida, Cuba, and the peninsula of Yucatan. The last named 
is a gently undulating plain. Although its central portion reaches elevations 
of 500 ft., most of it is less than 100 ft. above sea level. It has an average 
annual rainfall of about 35 in., but the landscape appears to be dry. There 
are no streams. Here, according to Huntington, a rocky surface, strewn with 
fragments of impure limestone, drains into numerous sinks, called by their 
Indian name cenotes, most of which are steep-sided, cavernlike, and vary 
in depth from 25 ft. near the coast to as much as 400 ft. in the higher locali¬ 
ties. At the bottoms of the sinks are springs and pools of water which, in 
former times, were the principal sources of water supply. 

The principal Cuban karst area is a broad strip of undulating plain 
150 miles in length south of Habana. It differs from the Yucat4n plain in 
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being covered by deep porous red earth. Sinkholes are not numerous, yet the 
plain is almost streamless because the surface water drains quickly through 
the porous soil iuto a cavernous limestone beneath. 

The rolling upland plam of central Florida shares with tlie adjacent 
karst regions a substratum of soluble liinesLone. Unlike the others it is 

covered in large part by sands of 
some depth, but occasionally there 
are admixtures of thin strata of clay. 
Some parts of this plain have surface 
features that ol)viously are of karst 
type. Sinkholes of all sizes are vscpa- 
rate<l by low sandy ridges, or hills; 
small caverns are numerous; and un¬ 
derground drainage issues in springs, 
one of wliicli has the largest flow of 
water of any spring in the United 
States. The region as a whole is not 
without surface streams, but one of 
its most persistent characteristics is 
its lakes, ponds, and pools, of wliich 
there are tliousands (Fig. 154). Some 
of these arc known to lie in solution 
depressions which have their under- 
drainage impedeil by accumulations 
of clay over their bottoms. It is 
probable tliat most if not all the 
depressions arc of that origin or re¬ 
sult from the collapse of cavern roofs. 
In addition to the depressions occu¬ 
pied b^ water are thousands of 
others, some so small and shallow 
Fig. 155. Numerous sinks, lakes, and easily to escape notice, which 

.swamps dot this Florida karst plain, but jj, 

there are almost no surface streams. mi i i i* 

tilled or swampy for at least a part ot 

the year (Fig. 155). 

Another karst region in the United States is the undulating to rough 
plain in south central Kentucky which is underlain by a cave^rnous lime¬ 
stone. Considerable parts of this region are so dominated by solution 
features that sinks and their associated knolls and ridges are the principal 
relief features. Under primitive forest conditions many if not most of the 
sinks had free underdrainage. Since clearing, soil erosion has stripped clay 
from the adjacent hills and deposited it in sinks until many of them now 
are ill drained and contain at least temporary ponds. In the underlying 
limestone are many springs and caverns, often with hillside openings. 
Mammoth Cave, in this region, is widely known for its giant cavities and 
great underground extent. 






Chapter XV. Plains of Stream 
Aggradation 


894. Alluvial Plains. Alluvium may be thought of as weathered 
and crocked material which has been halted in stream transit between 
higher lands and the sea. Attention has been directed previously to 
the nature of alluvial deposits and also to the manner and some of the 
characteristic places of their deposition (856). It may be emphasized 
now that, with minor exceptions, alluvium is deposited in the form of 
plains, and usually in flat plains, where it is spread out and awaits a 
future removal and the continuance of its transportation. In terms of 
the length of geologic time alluvial plains arc temporary structures. 
Some, indeed, are of v^ery recent origin; their accumvdation still is in 
progress, and their surface forms record the manner of their upbuilding 
and certain of the incidents in the process. Others are vastly older; the 
details of the manner of their construction and incidents in the process 
are lost; and their surfaces are characterized rather by features that 
mark stages in the progress of their destruction. These are distinguished 
by the term older alluvium. The details of surface form in four principal 
classes of alluvial plains may be considered. These are (a) delta plains, 
(5) flood plains, (c) jiiedmoiit alluvial plains, and (d) plains of older 
alluvium. 


Delta Plains 

895. The Great Delta Plains. Delta plains are the surfaces of 
newly built-up accumulations of river sediment which is deposited 
at the mouths of streams upon their entry into bodies of quiet water. 
Not all great streams have deltas, but all great deltas are the deposits 
of large streams. Some of the most extensive delta plains may readily 
be discovered on the maps of a student atlas. They are the delta of the 
Nile, from which all such deposits take their name (its triangular 
central portion resembles in shape the letter A of the Greek alphabet), 
and the deltas of the Po, Rhine, Indus, Ganges, Irrawaddy, Hwang, 
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Orinoco, and Mississippi. There are as many more delta plains of almost 
equal size, but less well known, while of small deltas there are thousands 
(Fig. 156). 

396. The Delta Outline. The process of delta building, pre¬ 
viously noted (357), is the cause of some peculiarities of delta shape 

and delta surface. The normal growth of the 
delta through the seaward extension of the 
distributary channels causes it to have a 
tendency to present to the sea a somewhat 
digitate (fingerlike) outline. This feature is 
pronounced in the case of the Mississippi 
Delta (Fig. 157), but it is less noticeable in 
some others and is hardly apparent on the 
delta of the Hwang. 

The manner of delta formation by addi¬ 
tion to both the surface and the margin is 
responsible not only for the shape of the 
delta margin and its surface features but 
also for a great deal of the trouble and 
labor that are the lot of most delta 
inhabitants. 

397. The Delta Surface. Although 
it is true that delta plains are very flat, 
since they generally have local relief of much 
less than 50 ft., they are not without significant differences in elevation. 
The seaward margin of the delta is lowest. There is the newest formed 
portion of the surface which continues out beneath the sea a little 
distance. Films of the finest mud are added to the seaward margin 
when the delta surface is flooded by the river, and silt and sand are 
thrown up there by the deposition of waves and currents. This seaward 
margin is built up so slowly and is so flat that, on large deltas, vast 
areas of the coastal fringe are little above salt water, and beyond 
the shoreline the coastal waters are exceedingly shallow except near 
the mouths of the principal distributaries. Along the delta border 
are marshy islands of new sediment, and it is traversed by a network 
of shallow and sluggish channels. The upstream portion of the delta 
is highest, and it grows in height as the delta increases in age and 
extends in area. As the distributary channels lengthen by building 
seaward, the stream gradient is thereby flattened, causing a decrease 
in stream velocity. This in turn causes the stream to drop sediment in 
its own channel and to overflow its banks and deposit material upon 
the delta surface. Floodiilg is repeated, and the surface is built up 
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Fig. 156.—Delta outlines. 
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until a uniform gradient is maintained (Fig. 164). However, the differ¬ 
ence in surface elevation is not great even on large deltas. The highest 
portions of the upper delta of the Mississippi, which lie nearly £00 
miles from the river mouth, are only about 40 ft. higher than the 
delta margin. 



Fig. 157. —The Mississippi River Delta has fringing areas of salt-marsh grass, 
belts of wooded swamp, and strips of tilled levee lands. Note that the levee lands grow 
narrow downstream and disappear. 


The features of greatest relief upon the delta surface are its natural 
levees (357). These are low and broad ridges of alluvium which border 
the stream channels on either side (Fig. 158). They are found along the 
main stream of the delta, along its distributary channels, and also 
along the smaller independent streams which traverse the surfaces 
of large deltas. They are highest near the banks of the stream that 


MATuq.AL 


4 iff- netAC LCVtC 


Fig. 158.—A diagram to show the transverse profiles of natural and artificial levees. 
Vertical scale considerably exaggerated. 


builds them but, at least on the Mississippi Delta, rise no more than 
15 or £0 ft. above the adjacent delta surface. They are both higher 
and broader on the older upstream portion of a delta than near its 
newer seaward margin. From their crests they slope away from the 
stream with surfaces so gently inclined that, to the eye, they appear 
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perfectly flat. However, drainage detects the difference, and, while 
the higher parts of the levees along the stream banks are generally 
well drained, their lower portions which slope away from the stream 
end in fringing swamps. The width of the great upper-delta levees of 
the Mississippi, between river bank and swampland, commonly is 
from one to two miles on either side of the river. The levees of the 
great river near its mouth and also of the smaller delta streams may 
be only a few yards wide, and in the salt marshes of the seaward 
fringe no levees may be yet developed (Fig. 159). It is characteristic 
of the levees of delta streams and distributary channels that they 
become lower and narrower downstream until they taper to points 
in the coastal marshes and there disapp(‘ar (Fig. 157). 



Fig. 159. —Narrow natural levees parallel this small distributary bayou on the 
Mississippi Delta. The road, somewhat built up, occupies the crest of the levee. Another 
road parallels it on the other side of the bayou. The houses stand in the edge of the 
swamp, and each has a houseboat. 

Because the levees are the highest and best drained portions of the 
delta surface, they are the principal sites of human settlement. 
Houses and towns are found upon them, and roads and railways lend 
to follow them and to parallel the streams. Farms occupy the gently 
sloping surfaces and extend away from the river toward the lower 
swamplands. For protection against stream overflow artificial levees 
are, in some places, built near the stream upon the top of the natural 
levees. In times of high water on the Mississippi Delta the river surface 
may rise nearly to the top of the artificial levees or even overflow them. 
At such times it stands several feet higher than the roads and farms 
on the natural levees behind them and many feet above the swamps 
beyond. A break in the artificial levees at that time permits the flood¬ 
ing of a large part of the delta surface, and water may completely 
submerge the smaller levees of the lesser streams or even the great 
levees themselves (Fig. 160). On some great deltas, such as that of 
the Ganges River, no artificial levees have been built, and both the 
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delta swamps and the natural levees are regularly flooded in the rainy 
season. There the inhabitants have built compact mounds of earth 
on which are located their houses and village settlements barely above 
the reach of high water. 

398. Delta Drainage. The low flatness of the delta surface and 
the fact that its streams flow down the middle of broad levee ridges at 



Fig. 160.—High water on the lower Mississippi floodplain. The artificial levee is the 
only land remaining unsubmerged. The main channel of the river is seen in the far 
distance. The locations of several natural levees associated with minor channels are 
indicated by the belts of submerged woodlands and the town. {Official Photograph, 
V, iS. Army Air (^orps.) 

elevations slightly higher than the average surface of the plain create a 
difficult problem in drainage. They also give rise to some of the charac¬ 
teristic features of deltas, such as broad marshes and shallow lakes. 
Upon this peculiar surface, where the rivers are higher than the plain, 
surplus water from rainfall or river overflow cannot join the main 
river drainage because it would have to flow uphill to do so. As a 
consequence the water accumulates in the low flat areas between 
the distributary channels in the form of swamps or shallow lakes or 
finds its independent way to the sea through sluggish creeks which 
wind across the fringe of coastal marshes. It might be expected that 
these low areas between the levee ridges would gradually fill with 
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sediment as a restdt of stream overflow through breaks in the levees. 
It may be, however, that the great weight of the load of sediment 
deposited on the levees results in a slow diastrophic depression of 
the whole delta surface, and that this keeps the low areas between 
the distributaries in a continuous state of near submergence, resulting 
in swamps and lakes. 

Figure 157 shows the distribution of the principal lakes and marshes 
of the Mississippi Delta with respect to the major and minor drainage 
channels and their levees. The swamps of the higlu'r delta contain 
fresh water and are high enough so that many of them are periodically 
dry. Before the day of the lumberman they were occupied mainly by a 
natural vegetation of water-tolerant trees, especially the gumwoods 
and cypress. The swamps of the lower delta and its seaward margin 
are of two types. Those situated on the low natural levc^es are wooded, 
like those of the upstream delta, while those in the still lowt^r inter¬ 
distributary areas and on the coastal fringe and islands are so little 
above sea level that they are easily inundated by the sea and havi* 
brackish waters. They are never dried out and are covered mainly by 
vast expanses of tall coarse grasses, the habitat of numberless muskrats. 

399. Populous Deltas. Some deltas, both large and small, have 
very large human populations. The delta surfaces are flat and are 
composed of new% unleached, and therefore fertile, soils, the silts and 
clays derived from the great variety of rocks found in the drainage 
basins of great river systems. Although in their natural state most 
deltas contain large areas of swampland, their food-producing capacity 
is large. On the populous deltas the ever-increasing need for land to 
yield food for so many people has led to most intensive uses of the delta 
surfaces. The inhabitants of parts of the Ganges Delta, for example, 
grow a long-stemmed variety of rice whose rapid growth keeps pace 
with the rising waters of the flood season. The people of some other 
delta regions have found it necessary to change some of the natural 
features of the delta or to alter the normal processes of stream overflow 
and deposit of sediment. Means of better adapting the features of 
delta surface to human use are found in the stupendous drainage 
projects of the Rhine Delta and in the irrigation projects of the Nile 
and other deltas, 

400. The Netherlands coast includes the merged deltas of the Rhine, 
Meuse, and Scheldt Rivers. Originally the region had the features common 
to delta surfaces, and the streams, by flood, built their levees and extended 
the coastal marshes seaward. Through several centuries a growing need for 
land has encouraged the inhabitants of this region to reclaim the marsh 
lands and actually to crowd the sea oflP the delta margin. Small areas of 
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lower levee and interlevee swampland have been, one after another, made 
secure from flood by constructing artificial levees, or dikes, entirely around 
them. Each enclosed area, called a polder, is kept suflSciently drained for 
agriculture by a network of drainage ditches leading to a pump at the lowest 
corner of the polder. This 
lifts the water from the 
polder into a bordering 
stream or canal which lies 
between or in channels 
on top of the dikes. In 
time new polders were made 
near the old, and eventually 
the sea was encroached 
upon. Now large areas of 
drained lands lie between 5 
and 10 ft., and some are as 
much as 15 ft., below sea 
level. The older polders, of 
which there are hundreds, 
are irregular in outline and 
formerly were pumped by 
picturesque windmills. The 
newer ones, designed with 
modern engineering skill, 
are larger and more regular 
in sliape and are pumped 
by engines. The newest and 
greatest project has been 
designed to cut off and drain 
the Zuider Zee, a great and 
shallow coastal embayment, which was much like Lake Pontchartrain near 
New Orleans (Fig. 101). 

401. The great delta of North China is comprised largely of loessial silts 
deriv^ed from the highlands of North China and deposited by the Hwang 
and some other streams. So abundant are the sediments that they have 
filled a broad embayment of the Hwang Hai (Yellow Sea) and half surround 
a large, hilly island which once stood in it. This former island is now the 
Shantung Peninsula (Fig. 162). The Hwang flows across the northern 
part of its plain on a levee ridge which in places is as much as 20 ft. high. 
It is depositing silt so rapidly that frequently the river overflows the artificial 
levees built to hold it and, like the Mississippi, spreads over the adjacent 
delta surface. Owing to the silting of its channel the Hwang is of little 
use for navigation. At times of low water the inhabitants remove large 
quantities of silt from the stream bed partly to keep the channel open and 
partly because of the value of the mud as a fertilizer. The rapid aggrada¬ 
tion of the delta surface near the stream is attended by the danger of a 
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Fig. 161.—The extent of reclaimed land in the 
Netherlands in relation to the area of the Rhine 
Delta. {After K. Jansma.) 
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sudden change in its course during time of flood. Some of the changes are 
minor, but the stream has several times shifted its course to the opposite 
side of the Shantung Peninsula. Such a change, on a densely peopled plain, 
is a major disaster. In 1852 the stream changed from a coiu*se on the south 
50 M£ OF TMfc^ NY DELTA CO URSES OF THt HWANG HO Side of the plain to near its present 

V- course on the north side of the 
Peninsula and ^ emptied 

f ^ there are unnunil)er<?d'smaller ones 

4,000 years of 

accompanied by ajjpalling loss of 

40li. Delta Plains of 

built b.ii large streams that are 
' m" 1 Jii ”° the abundant precipitation 

Fig. Ifi2. . The groat delta of North of mountain regions and have suffi- 

(.'hina, its relation U) the Shantung Peninsula, cient volume to flow completely 
and some of the many channels the river has across the dessert areas with few 

occupied within historic times, ( tfl.r maps t^btitarics and to discharge their 

by Ct. H. (rcfispy and IJ. If. Mead.) . ... . . . .i i i . 

loads ot sediment into the bordering 

sSeas. Such may be called exotic streams. Outstanding among them are the 
Nile, the Tigris-Euphrates, the Indus, and the Colorado. The delta of the 
first named has a density of human population comparable with that of 
the plain of North China. The people arc supported liy agriculture which 
depends almost wholly upon the practice of irrigation, to w hich the config¬ 
uration of the delta surface lends itself well. In these arid-land deltas the 
main problem is not, as in the Netherlands, to get the water up from the 
delta surface into the distributary channels but to get it from the channels 
out upon the delta surface, which is much simpler. In times of high water it 
may be accomplished by gravity alone. In times of low water lifting may be 
resorted to, or, by damlike structures, the river level may be raised until 
only a small lift, if any, is required, to take water out through ditches in 
the levees, whence it may be distributed by gravity down the gentle back 
slopes of the levees which are the cultivated farm lands. The deltas and 
floodplains of these major exotic streams, therefore, constitute one class 
of desert oasis. They are the largest and most productive oases in the world. 

The Nile, after receiving its last important tributary, traverses 1,000 
miles of desert, where it loses volume by the removal of water for irrigation, 
by evaporation, And by seepage. It arrives at the upper delta much de¬ 
creased in volume. On the delta so much more water is required for irriga- 


Fig. 102. -The groat delta of North 
("hina, its relation to the Shantung Peninsula, 
and some of the many channels the river has 
occupied wdthin historic times. (After niapa 
by G. U. Cretisey and I). W. Mead.) 
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tion that only a little is discharged through the distributary mouths into 
the Mediterranean Sea. Several important consequences arise from this fact, 
(o) There are no disastrous floods on the Nile Delta, (h) So much sediment 
is discharged on the delta head and so little about its margins tliat the sur¬ 
face has a slojx^ of about (JO ft. per 100 miles, three times that of the Missis- 
si])])! 1 )elta. (c) The steeper slope and 
smaller water supply make drainage 
easier. Nearly the whole surfa(‘(‘ is 
cultivated, and lakes and swamps 
are found only about the delta 
margins. 

The delta of the Colorado River 
has been built into and across the 
northern ])ortion of the long tectonic 
<lepression occupied by tlie (iulf of 
California. It was built in from the 
east and after extending a(*!*oss to the 
westcTU wall of the depression it 
bloek(!d off about laO miles of the 
former upper end of tiu* (iulf. Evap¬ 
oration of tlie water there has left 
the ])lain called the Saltou Basin, a 
part of w'hos(‘ floor lies nearly ^275 
ft. b(‘low sea l(‘vel. Water from the 
Colorado River is distributed by 
ditches over tlie surface of the delta for the irrigation of crops. Although 
the river now^ discharges southward into the (iulf of California it has several 
times shifted to a northw^ard distributary and em])tied into the low basin 
called Salton Sink (Fig. Kifl). The whole delta area is known as the Imperial 
Valley. 



Fio. 1()U. The apex of the delta 
fan of the ('olorado River is at the 
oast side of the long embay merit into 
whieh it is built. The location and 
extent of Salton Sink are indicated by 
the broken line. Saltf)n Sea lies in its 
lowest portion, its bottom 274 ft. below^ 
se‘a l(‘vel. 


FIoo(i[)Jains 

403. Floodplain and Delta. Floodplains are the alluvial 
deposits spread by aggrading streams upon the floors of their valleys 


9 



Fig. 164.—A longitudinal profile of a delta to illustrate the merging of floodplain 
and delta surfaces. (1) Sea level; (2) original shoreline; (3) small delta; (4) delta elongated 
and stream grade raised; (5) present delta front; (6) sea; (7) present shoreline; (8) present 
stream grade in which delta and floodplain merge; (9) original stream grade. 

during the process of valley widening and stream overflow (357). The 
floodplain begins to form in the lower course of the stream where it 
first reaches grade. This is the same point at which the delta begins to 
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form. As the delta grows seaward the decreased stream gradient (397) 
causes frequent stream overflow, during which sediment is deposited 
not only at the delta head but also in the lower stream valley and 
thence progressively upstream (Fig. 164). Thus the two are blended, 
and it is diflScult to say just where delta ends and floodplain begins. 
However, some streams that have no deltas have well-developed 
floodplains, 

404. The Width of Floodplains. Floodplains are confined 
within the bluffs cut by the lateral erosion of a meandering stream 
(354). The Viilley w^alls may not be high, and usually they are much 
gullied, but they mark an abrupt change from a stream-dissected 
upland on the one hand to a flat plain of recent alluvium on the other 
(Fig. 165). The width of a floodjdain, I.e,, the distance from one 

t." • ■! 



Fig. 165.—The flat surface of the Platte River floodplain in western Nebraska contrasted 
with its abrupt and dissected bluffs. Compare with Figs. 129E, 144. 

valley wall to the other, depends much upon the size of the stream 
that builds it and upon its stage of advancement in the cycle of river 
development. In the valleys of small but aggrading creeks it may be 
only a few yards. In the valleys of large streams the plains may be 
of any width up to several miles. Usually they narrow in the upstream 
direction toward the headwaters, where the tributary streams may be 
so young as to have no floodplains at all. The Mississippi floodplain, 
where the stream flows between Iowa and Wisconsin, is from 1 to 
3 miles wide; in the latitude of southern Illinois it is about 6 miles; 
but below Cairo it broadens rapidly and, including the plains of 
minor streams that join it, ranges between 25 and 75 miles in width. 
It is reported that the floodplain of the lower Amazon, the greatest 
of all rivers, generally is less than 30 miles wide.^ 

^ Marbut, C. F., and Manifold, C. B. The Topography of the Amazon Valley. 
Oeoff. Rev., Vol. 15, p. 617, 1925. 
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405. The Floodplain Surface. The surface features and the 
conditions of drainage that characterize the typical floodplain are 
similar to those of the upstream part of a delta. It is comprised prin¬ 
cipally of a monotonously flat surface upon which areas of levee land 
alternate with areas of swamp. On small floodplains the levees that 
border the stream often are so small as to be hardly noticeable. How¬ 
ever, bordering meander bends, they are likely to be enough higher 
than the remainder of the floodplain so that they interfere with 
the drainage of water from the bluffs toward the stream. For that 



Fig. 166.-“The floodplain and levees of a small stream among the hills of Japan. 
The stream may be located by noting the footbridges that cross it. The path follows 
one levee, and rice fields lie on the lower levee and floodplain surfaces. 

reason swamps or marshy spots are likely to be found toward the 
margins of the plain between the stream and the valley walls (Fig. 166). 

The distribution of levee and swamplands on broader floodplains 
usually is not so simple as that indicated above. The valley floor is a 
place of rapid change. It is widened and shaped by erosion and deposi¬ 
tion which go on at the same time. It is the work of a meandering 
stream which touches first one valley wall and then the other. A 
meander curve becomes elongated by erosion on the lower outside of 
its bend and by deposition qf the inside (Fig. 132). By this process 
also the meanders themselves tend to migrate slowly in the down¬ 
stream direction, changing both their shapes and their positions. In 
times of high water their changes are rapid. Increased volume gives 
temporarily increased transporting power, and overflow causes the 
deposition of much sediment upon the immediate stream banks. 
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raising the levees. The general effect of these activities is that alluvium 
is picked up in one localiiy and put down in another, distributed and 
redistributed over the valley floor, and that levees are broadened by 
overflow liere and narrowed or lowered by erosion there. Eventually 
meanders that have grown overlong are cut off and abandoned by the 
stream when it shortens its course by cutting through a narrowed 
neck of alluvium (Fig. 1^9E), llie ends of the abandoned meander 
channel presently are filled with silt, and the unfilled portion exists 
as a horseshoe-shaped pond, or oxbow lalce^ bordered by its levees. 
Lakes of this kind no sooner are formed than they begin to be filled 



Fig. 167.—An air view of the small floodplain of the La Crosse River, Wisconsin, 
showing numerous scars of abandoned meanders, many of them now cultivated. {Official 
Photography U, S, Army Air Corps.) 


and obliterated (a) by sediment deposited during general river floods, 
(b) by rain-washed sediment from the adjacent surface, and (c) by the 
growth and decay of aquatic vegetation. The surfaces of broad flood- 
plains are likely, therefore, to contain many oxbow lakes in all stages 
of destruction. Some, which are of recent formation, appear as curving 
open lakes; some contain but the dwindled remnants of abandoned 
channels; others remain as boggy, sedge-filled marshes; while still 
others may be described only as meander scars. The latter are marked 
only by bits of woodland swamp or low ground, the horseshoe-shaped 
outlines of which hardly would be noticed save from an airj^lane 
(Fig. 167). Associated with each of these abandoned channels are 
sections of abandoned levees, also in various stages of destruction 
(Fig. 168). 
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Another element in the pattern of the broad floodplain is furnished 
by small tributary streams. Small streams entering the plain from the 
bordering uplands are sometimes prevented from joining the main 
stream at once because of the upward slope of its natural levees. 
Instead they turn down valley and, after paralleling the main stream 
some distance, find a place of entrance. The junction of the St. Francis 
and Yazoo Rivers with the Mississippi (Fig. 169) illustrates this 
condition. To the features of the floodplain, therefore, are added the 
meanders, oxbow lakes, levees, and swamps created by tribhilary 



Fig. 108 .- An oxbow swamp and other great meander scars on llie lower Mississippi 
floodplain, viewed from the air. The eolor intensities in the photographs indicate differ¬ 
ences in tlie vegetation, either natural or cultivated, which in turn indicate differences 
in soil and drainage. {Official Photographs, U. <S. Annij Air Corps, Courtesy of V. 
Geological Survey.) 


streams. In consc<|uence, the broad floodplain is likely to have a 
complicated pattern which may consist of meandering stream channels, 
large and sn^ll; of new levee lands; old subdued levees; oxbow lakes 
and their swampy remnants; together with broad floodplain marshes. 
The silts and clays deix)sited on broad floodplains make productive 
soils, and generally they are used for agriculture. The levee lands are 
naturally the best drained and are the first to be used. On the Missis¬ 
sippi floodplain large areas of swampland remain unreclaimed. On some 
Old World floodplains, however, such as those of the Nile and Yangtze, 
where land is scarce and life and labor cheap, even the swamps are 
drained and cultivated. 
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406 , Alluvial Terrace Lands. Many floodplains are fringed 
at intervals with smaller alluvial plains which stand at elevations 



P"lG. I(i9.—After the upper h<‘ad\valers of 
the Yazoo River enter the broad bottomlands 
the stream follows the bluffs for 175 miles 
before it finds entrance into the Mississippi. 


somewhat above that of the 
present ])lairi. These are called 
alluvial terraces^ or benches. 
Although they lie above the 
floodplain they are unlike the 
valley walls which flank them 
in that they are stream de¬ 
posited. Usually they are 
border(‘d by abrupt descents 
of a few feet to the level of 
the newer plain. They are the 
remnants of older and higher 
floodplains into which the 
stream has subsequently 
eroded a new plain, owing to 
some cause that has decreased 
its load of sediment or has 
increased its carrying capacity. 
Some valleys exhibit a series 
of alluvial terraces at different 
levels which mark stages in 
the erosion of the old valley 
filling (Fig. 170). Although 
alluvial terraces seldom are 
high or continuous, they fre¬ 
quently contain many acres 
and sometimes many square 
miles of land. Because alluvial 
terrace land is sufficiently 


above present river level to be free from floods, it generally is well 



Fig. 170 .—A diagram to illustrate the development of alluvial terraces by the 
partial re-erosion of an older and more abundant deposition of alluvium. Natural 
levees border the present stream course. 


drained and admirably adapted to cultivation. However, because 
the terrace is above the present flood level its soils are no longer 
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enriched by additions of alluvial mud and, being older, they are, in 
regions of abundant rainfall, likely to be somewhat leached. Sites of 
this kind are suitable also for river towns. The inhabitants of flood- 
plains commonly distinguish between the present floodplain and 
successive terrace levels by speaking of them as “first bottoms,’" 
“second bottoms,” etc. 

407. Floodplains and River Floods. The flatness of floodplains, 
the nature and direction of their levee slopes, and indeed the very manner 
of their formation indicate that they are subject to river overflow. In some 
rivers floods are of periodic occurrence, and in others they come at irregular 
intervals, while some streams are so controlled by nature as to be little 
subject to flood. The causes of river flooding are many. Some of them are 
natural while others are the result of human interference with natural 
conditions. Usually the most disastrous floods are at least partly the result 
of human disturbance of the balance of conditions establislied by nature. 

Periodic floods, such as those of the Nile, the Orinoco, and other tropical 
streams, result from the marked seasonal character in the savanna type of 
precipitation over the river basin. Nile floods have been for many centuries 
the means of renewing the fertility of the alluvial soil of that populous valley 
by the addition of an annual layer of silt. Tliey have served also to store 
water in the soil of tlie arid land to aid in the maturing of crops. The recent 
construction of dams reduces the inconv^enience of floods and enables a 
more economical use of both the land and the water, but it largely prevents 
the distribution of the fertile mud over the floodplain by causing it to settle 
in the quiet waters above the dams. The alternation of protracted drought 
with widespread flood on the floodxflain of the Orinoco has so far had the 
effect of retarding attempts to make effective use of that broad and flat 
plain. 

Disastrous floods on the Mississippi and its tributaries usually occur in 
the early .spring. They result from heavy rainfall on a frozen or saturated 
earth, frequently supplemented by the rapid melting of a winter's accumu¬ 
lation of snow. Sometimes both of these conditions come at the same time 
in different parts of the basin. The general deforestation of the eastern half 
of the Mississippi Basin during its settlement and agricultural utilization 
probably has increased the flood meniice by removing the forest litter which 
formerly absorbed moisture and served to retard the runoff. As settlement 
on the Mississippi floodplain increased, protection from flood became as 
necessary as it did on the delta. Artificial levees of earth were extended 
from the delta to the floodplain and now total hundreds of miles in length. 
It was found that the height of the early levees was not sufficient to prevent 
overflow, and their level has been raised several times. In consequence of 
the building of higher levees the river has been forced to transport material 
that otherwise would have been spread over the floodplain. This in turn 
has caused silting of the channel and a raising of the river grade. As the 
levees have increased in height, therefore, so have the succeeding floods. 
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and there is no more security from them now than formerly. The problem 
of flood control is one given much study, but the method of its solution is 
complicated and, as yet, by no means certain. 

A break in the artificial levee in time of severe flood pours a torrent of 
water upon the floodplain, and the gap widens by erosion. If the break gets 
beyond control large areas may be completely inundated except for a few 
sections of higher levee. LTjxm these gather the refugees, both human and 
animal (Fig. KiO). The inhabitants of isolated bits of low older-levee lands 
back in the swamps sometimes have no opportimity to reach the higher 
artificial levee or any other place of safety in time to escape the rising 
waters. The lower floodplain and delta courses of many streams are protected 
from flood by artificial levees as those of the Mississippi are. Notable 
examples are seen on the floodplains of the Yangtze, the Po, and other 
streams whose fertile lands are densely peopled. 

Piedmont Alluvial Plmns 

408. Alluvial Fans. Pietlmont alluvial plains are made up of 
alluvial fans so closely spaced that their margins are merged in one 
continuous plain. Previous reference has been made to the manner 
and place of formation of alluvial fans and to the conditions under 
which they tend to merge. It was noted also that they attain their 
greatest development in regions of dry or subhumid climate (357). 

The surface features of this class of alluvial plains may be under¬ 
stood better if the configuration of the simple alluvial fan is first 
considered. In some respects the processes and forms of fan growth 
are like those of the delta but in others significantly different. Streams 
with steep gradients furnish abundant sediment, much of it coarse 
in texture. The material clogs the stream cliannel at the point where 
the mountain gradient changes to that of the bordering plain. The 
choked stream breaks over its banks, tending to form distributary 
channels with natural levees, as in the delta. However, the fan dis¬ 
tributaries do not, like those of the delta, continue so long in the same 
course as to build fingerlike projections at their ends. Instead, the 
rapid accumulation of material encourages frequent shifts of channel 
which have the effect of causing the building to proceed evenly upon 
all parts of the fan margin. This produces a nicely rounded or semi¬ 
circular outline and gives the feature its fanlike shape (Fig. 133). The 
deposition of material, especially the heavy or coarse material, is 
most abundant at the apex or head of the fan, where the stream velocity 
is first checked. The finer material is carried farther out and is spread 
upon the fan margins. As the feature grows in size, the ordinary flow 
of the stream that produces it may be wholly absorbed by seepage into 
the coarse upper-fan deposits, and all its load of sediment may be 
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put down there. Only in time of flood may the enlarged stream have 
sufficient volume to flow completely across the fan and beyond. This 
condition results in the upper part of the fan’s having the steeper 
slopes while those toward the margin grow progressively more gentle. 
However, although tlie slope of a fan surface is characteristically 
steeper than that of the delta surface, not even the upper slopes of a 
great fan are very steep, and its marginal areas arc so gently sloping 
as to seem an almost flat and featureless plain. The slopes of the fan 



Fig. 171.—A section of the great piedmont alluvial plain bordering the San Gabriel 
Mountains of southern California. The head of this fan lies at the mouth of the mountain 
valley. {Photograph by Fairchild Aerial SurveySf Inc.^ Los Angeles. Courtesy of California 
Fruit Growers* Exchange.) 

are, moreover, not merely in one direction from the mountain base but 
extended radially from the fan head, giving the fan a slightly convex 
surface. This is a matter of great convenience in use of irrigation water. 
Because of the radial slope of the fan, irrigation water applied at its 
upper end may be distributed by gravity to all parts of the fan surface. 

409. Piedmont Alluvial Plains. The bases of mountain slopes 
in dry and subhumid climates commonly are fringed by alluvial plains 
comprised of coalesced fans, some of which are large and some small, 
their size depending upon the volumes and deposits of the several 
streams draining the mountain front. The heads of the several fans 
may be distinguished at the mouths of the valleys (Fig. 171). They are 
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composed largely of gravel and sand, and their surfaces often are 
strewn with boulders distributed by flood waters following torrential 
rains in the mountains. The porosity of these coarse soils, their inability 
to retain irrigation water, and their bouldery surfaces cause the higher 
parts of the fans to he somewhat avoided for intensive agricultural use 



,, , ' ..r' t. ; - W.l Ju 


Fig. 172 . —The coarse deposits of the upper pari of a large fan in C'alifornia provide 
a supply of commercial gravel. The nearly level surface of the fan is in striking contrast 
with the mountains behind it. 

although they may furnish gravel and sand for constructional purposes 
(Fig. 172). At no great distance from the mountain front the slopes 
of the bordering fans flatten out, their soils become finer, tJieir margins 
spniad, and they merge into a continuous alluvial plain (Fig. 178). 
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Fig. 17S.—-A profile view of a series of alluvial fans merged into a small piedmont 
alluvial plain which borders low mountains in the San Fernando Valley, California. 
The steeper upper slope of one fan, seen at the left center where it heads between the 
mountain spurs, may be contrasted with its more gentle lower slope toward the right. 

Such a plain may appear practically level, yet it is not so in fact. Not 
only does it slope away from the mountain base but each of its com¬ 
ponent fans has its faintly convex surface, and where they are blended 
together the resulting plain has a scalloped margin. Between the 
individual fans are broad shallow depressions. 
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Many piedmont alluvial plains are covered only with desert shrubs 
or sparse grasses, but the fine dry-land soils are high in mineral plant 
foods, and such as have available supplies of irrigation water are 
capable of great productivity. Although their surfaces arc dry, natural 
conditions provide many alluvial fans with supplies of water for irriga¬ 
tion. (a) The water of the mountain stream that builds a fan mfiy be 
impounded in its mountain valley whence it may be led out upon the 
fan surface, (b) The natural stream flow disappears, except in time of 
flood, into the coarse debris of the fan head. However, it collects 
underground in the great storage reservoir of the porous fan material 
and slowly seeps outward toward the fan margin. This water commonly 
is recovered for use in irrigation, in some regions through wells, and 
in others, as in parts of Asia, through tunnels driven underneath the 
fan surface. Just as the floodplains above some irrigated deltas are 
irrigated, as in the case of the Nile, so are some of the floodplains 
below or beyond the lower margins of alluvial fans. Provided the 
supply of water is sufficient, it is sometimes led by canals out beyond 
the irrigated areas of the fans and applied to the alluvial valley bottoms 
as far as the supply permits. The slopes of fans and piedmont alluvial 
plains may be recognized, therefore, as a second class of oasis only 
a little less extensive than that associated with the deltas and flood- 
plains of exotic streams (4()i2). 

410. Alliwial Basin Pi^ins. Some structural basins or valleys 
are nearly encircled by fans which extend inward from the flanking high¬ 
lands and create alluvial plains which slope gently upward on all their 
margins. Beneath some such plains the accumulated fan deposits are deep, 
and the basins are said to be alluvium filled. The mountain drainage which 
seeps through the porous uj)}>er ])arts of the fans in a filled basin sometimes 
reappears as ground water about the lower edges of the concentric fans. 
For that reason alluvium-filled basins, even under arid climate, commonly 
have at their centers areas of marsh, shallow lakes, or alkali flats (438). 

411. Noted Piedmont Alutviae Plains. Because piedmont alluvial 
plains have deep fertile soils and are admirable sites for the practice of irri¬ 
gation, some of them, which have abundant and dependable w'ater supplies, 
are noted for their agricultural wealth. Among them are the Sacramento and 
San Joaquin valleys of California, the Ix)s Angeles-San Bernardino lowland 
of Southern California, the Vale of Chile, the Samarkand district of Russian 
Turkistan, the Tarim Basin, and many others. Conditions in the San Joaquin 
Valley illustrate the landforms developed by valley filling. 

The San Joaquin Valley portion of the Great Valley of California is a 
structural trough between the Sierra Nevada Mountains and the Coast 
Ranges. From the latter more than 50 small wet-weather streams flow east¬ 
ward into the basin,bringing alluvium which is spread in a seemingly flat 
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and quite featureless plain along the western margin of the valley. Drainage 
from the abundant snows and rains on the windward, west-facing slopes 
of the higlier Sierra Nevada Mountains is carrieid down to the eastern mar¬ 
gin of the valley by eight large streams and 
more than a d(>zen smaller ones. These hav^e 
contributed alluvium to tlie general filling of 
the valley and liave, in addition, built large 
alluvial fans. The largest of the fans is that 
of Kings River. It spreads outward into the 
valley 50 miles from the mountain base, crosses 
the axis of the structural trough, and blocks 
the drainage of its dry southern end (Fig. 174). 
Thus Tulare and Ruena Vista Lakes are 
creatcil, and areas about the margins of the 
fans are made marsliy. Large supplies of irriga¬ 
tion water from tlie snowy Sierras su])plied to 
the gently sloping and liighly tillable piedmont 
plain have turne<l eacli great fan into an oasis 
upon which there is an intensive agricultun* 
ih'voted j)rinci]>ally to fruits. This contrasts 
sharply with tlie extensive, liv estock-ranch type of agrimilture which prevails 
on the unirrigated western margin of the plain. 

4^. Delta Fans. Some streams that Jiave fairly steep gradients and 
arc abundantly supjdied with sediment enter the sta and liuild deltas. As 
these grow, their flat surfaces .serve further to che(*k stream velocity, fans 
form upon the delta tops, and the two grow in association. Such features 
may be called delta fans, and .some of them are of great size. The delta of 
the Colorado River is, in fact, a large tlelta fan. Small delta fans oireupy 
fringing embayments of many mountainous coa.sts, as, for example, in Japan, 
where various of the small marginal plains are delta fans. Some of them are 
bounded on the landward .side by the abrupt e.scarpments of recent faults. 
These steep .slopes, compo.sed in part of volcanic ash, older alluvdum, and 
other easily eroded materials, furnish .so large a .supply of sediment that tin* 
.streams, ewn in that rainy climate, cannot tran.sport it fa.st enough to 
prevent the accumulation of fans. In a land so generally mountainous as 
JapaTi, these fragmentary but fertile plains are densely peopled and inten¬ 
sively used. Of similar con.structicm are the productive lowlands of Valencia, 
Spain, and the Canterbury Plain, n gently .sloping plain 40 miles wide and 
175 miles long on the ea.st coast of South Island, New Zealand. Each of 
them, however, is made up of the combined flelta fans of several streams 
which drain the bordering mountains, and they might properly be called 
“piedmont alluvial delta-fan plains,^ if one wished to employ a term so 
awkward. 

Plains of Older Alluviiini 

413. The Natube of Older Alluvium. Certain of the world’s 
considerable plains are described as plains of older alluvium. The 



Fig. 174. 
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material composing them differs from that of recent alluvial plains in 
being mucli older. In humi 1 climates it is generally much leached and 
less fertile. In some regions it has been changed into weakly cemented 
rock. These plains have been so long deposited that their surfaces 
have lost most of the distributary channels, levees, and other forms 
eharact(‘ristic of recent alluvial plains and now have features that are 
more the result, of erosion than of deposition. In const^qiience of these 
changes they generally are well draiiu‘d. internal structure of 

such plains betrays their origin, however, for they are unlike the well- 
stratified, marine sediments of coastal plains in that they are made up 
oi* the irregularly bedded deposits of ancient stT’eams. 

Tln‘ larg(‘st plains of this type are distributed beyond the margins 
of great mountain systems and were no doubt, at the time of their 
forniati(ui, vast ])iedmont alluvial jdains. Subse(pient diastrophic or 
other changes i)f condition have caused the present streams that cross 
theun to cut new valh‘ys into the surfaces of the ])lains and to build 
lloodiilains of nc^w alluvium across tlu^m at soniewdiat lower levels. 
Above these new floodjdains, arenas of the* older alluvium stand as 
separate and sometime;', isolated j)lains. Many of them are bluff- 
bordered, tabular in form, and have surfac*es that are gently undulating 
or even so flat tliat tliey are poorly drained. Some leave also in their 
surface layers a cotisiderable admixture of volcanic ash and loess, the 
accumulation of a long period of tim(‘. 

414. Important Plains of Older Alluvium. Tliere are many small 
plains of older alluvium. In Japan old dedta fans, uplifted relative to sea 
level since their formation, are now dissec-ted by streams and stand as islands 
of older alluvium in the newer plains or as terraces between the new'er 
plains and the mountain slopes. Because of their greater age and exposure to 
leaching, under heavy rainfall, the small plains of older alluvium have red 
soils of greater maturity and lower fertility than those of the plains of new 
alluvium. Moreover, because of their porous ashy soils and their elevated 
position, they have excessive drainage, and it is difficult to get irrigation 
water to them for the cultiv^ation of rice. Conse(|uently the manner of their 
agricultural utilization is entirely different from that of the newer floodplains 
and delta fans. 

Some plains of older alluvium are of vastly greater size than tliose of the 
type illustrated in Japan. In northern India the broad structural depression 
of the middle and upper Ganges and Indus valleys is filled to great depth 
with older alluvium. Into its surface the present streams that drain the 
Himalaya mountain front have cut new valleys as a result of an increase of 
elevation with respect to sea level. There they have constructed floodplains 
of new alluvium. The interstream areas, there called doahs, are tabular or 
mesalike remnants of an ancient alluvial plain. Some of these are of large 
area, but generally they are less productive agriculturally than the present 
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floodplains. A similar situation is found south of the Alps. Deep accumu¬ 
lations of older alluvium are there spread out upon the northern flank 
of the Po Plain and, subsequent to their deposition, have been deeply 
trenched and terraced by the present Alpine tributaries of the Po. The 
higher and coarser parts of the older alluvium, called alia planura^ are 
partially iron cemented and have infertile soils. Southward they grade into 
the recent and inore fertile alluvium of the Po and its tributaries. 

The Pampa of Argentina is underlain by deep accumulations of clays, 
sands, and marls reaching commonly to a dcptli of 2,000 ft. or more.^ These 
are believed to be the alluvial deposits of streams flowing from the Andes 
upon a gradually subsiding plain. The surface layers over much of this vast 
and very flat plain have also a large admixture of loess, liecause of their 
low rainfall, low elevation, and almost imperceptible slope these plains are 



Fig. 175.—The Argentine P.ainpa, near Rosario. A low fhit plain comprised largely of 
older alluvium. {Photograph by II. G. 

neither much leached nor dt^eply eroded. Subhumid climate also has pro¬ 
duced a dominant natural vegetation of grass which has added a large 
component of humus to a soil high in the mineral elements of plant food. 
The result has been the formation of a flat stoneless plain, highly tillable 
and of great fertility (Fig. 175). 

In the United States almost the entire eastern front of the Rocky Moun¬ 
tains is bordered by plains of older alluvium. These were deposited as a 
piedmont alluvial plain by the shifting courses of former streams which 
flowed from the mountains. They are composed of clays, sands, and gravels 
so generally permeated with lime that some of the layers are cemented into 
moderately resistant rocks. The original surface of this vast plain, which ex¬ 
tends from the Llano Estacado (Staked Plains) of Texas northward to Mon¬ 
tana, probably was very flat at the time of its formation. Some areas such as 
the Staked Plains remain as flat as the Argentine Pampa, but that is not true 
of the larger part and especially the northern part. Changed conditions have 

1 Stappenbeck, R. “ geologic und Grundwasserkunde der Pampa.’* Erwin NUgele, 
Stuttgart, 1926. 
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led to the erosion of the plain by the same drainage that formed it. All the 
streams that traverse the Great Plains have cut new valleys which, by their 
common direction, have dissected the older alluvium into striplike inter¬ 
fluves with a west-to-east trend. In the process of eroding their present 
courses some of the streams have cut steep-walled valleys several scores of 
feet in depth and have built new floodplains from one to several miles in 
width. The margins of these valleys are in many areas much gullied (383), 
but tlie interfluves generally are tabular in form. Those of the southern por¬ 
tion, as was noted above, are broad ami very flat; but those of the north are 
more rolling; and the present surfaces are not those of stream deposition but 
result from erosion. The soils of these upland surfaces are developed under 
semiarid climate, are unlcached, and are highly productive where they can 
be irrigated. In general, however, the region is crossed by bands of irrigated 
crops on the new alluvial bottoms of the major streams while the interfluves 
of old<'r alluvium are devoted to dry-land crops or to grazing (Fig. 1C5). 





Chapter XVI. Glaciated Plains 


415. ('lasses of Glaciated Plains. In northern North America 
and northwestern Europe are extensive glaciated plains (ilhO). Their 
original surfaces were developed hy stream (Tosion on both complex 
crystalline rocks and those of simple sedimentary structure. Although 
the larger relief features of these ]>lains were produc(‘d by tectonic 
forces or by stream erosion, most of the details of landform that charac¬ 
terize th(‘ir present appearance are the result of glacial action. There¬ 
fore, w'hile these great plains already w^ere plains before the time of 
glaciation, their surfaces were extensively remodeled by the w ork of ice. 

All phases of glacial activity wxtc involved, and their iinjirints 
are left upon the plains. In many localities there may be found in 
close association, and in great variety of detail, the forms produced 
by glacial erosion, glacial deposition, and deposition by the w^aters 
that flowed from the melting ice. It is recognized, however, that within 
the regions of continental glaciation some areas have pre‘dominantly 
the kinds of surface features that result from glacial erosion while in 
others the features are mainly those that result from glacial or glacio- 
fluviatile deposition. Plains thus distinguished may be called ice-scoured 
plains and drift plains respectively. It may be observed in this connec¬ 
tion that plains of the ice-scoured type are most prevalent in regions 
of crystalline rocks and that they are on the inner rather than on the 
marginal portions of the glaciated areas (Figs. 184 and 197). There the 
thin regolith and the general resistance of the rocks provided relatively 
small amounts of local glacial drift. That which was formed was com¬ 
prised in large part of rocks resistant to glacial crushing, and these 
remain as coarse boulders intermingled with some quantities of finer 
material. The plains of deep glacial drift are found more commonly 
in association with regions of sedimentary rocks, which generally were 
more deeply eroded and more easily crushed than those of the crystal¬ 
line areas. It may be noted also that, in both North America and 
Europe, the direction of ice motion was generally away from the 
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regions of crystalline rock toward those of sedimentary formation and 
that, therefore, the products of ice erosion in the crystalline areas were 
deposited elsewhere. That is the reason for the numerous erratic 
boulders of igneous or metamorphic rock found in drift plains which 
are underlain by sedimentary rock only (362). 

The features of the two classes of glaciated plains may be discussed 
separately. 

The Features of Ice-scoured Plains 

416. Thk Ice-scouukd Sueface. The stream-eroded hills and 
\ alleys that previously existed on the plains over which the great con- 



Fiti. 17().—TJie rounded liills and rock basins of an ice-sconred surface in northern 
Canada, where vegetation is scant. Note the (iiffereut elevations of the lakes. {Royal 
Canadian Air Force Photograph.) 

tinental ice sheets crejit probably were not completely erased by 
glacial scour in most instances, unless they were very small. Almost 
universally, however, they were reshaped by an ice sheet thick enough 
to bury them deeply beneath its overpowering weight. A first ice 
invasion of a region doubtless was sufficient to remove the mantle of 
soil and weathered rock which had accumulated there under previous 
conditions. Angular profiles, where such had been developed by the 
usual processes of weathering and stream erosion in rocks of unequal 
hardness, were then subdued by glacial erosion. 

The surface configuration of plains where ice scour was predominant 
is characterized by rounded rock hills and broad open valleys with 
comparatively low local relief. Over the valley floors a thin veneer of 
glacial debris may serve inadequately as the parent material of a soil. 
Strewn with subangular boulders (361) torn from the adjacent slopes 


S.50 THE PHYSICAL ELEMENTS OF GEOGRAPHY 


by the ice, the drift of ice-scoured plains commonly is neither deep 
enough nor continuous enough to be tillable except in patches or 
localities. It may, however, serve as anchorage for stands of forest, 
especially the shallow-rooted conifers. Through the veneer of drift, 
which sometimes barely covers the lowlands of the ice-scoured rock 
surface, project the smoothed and rounded tops of rock hills still less 
completely covered (Fig. 176). Many of these rock hills are entirely 
without soil covering, except the small quantities of earth lodged in 
joint cracks and other pockets. Such surfaces, scoured and polished 
by ice erosion, often bear the grooves and striations scratched upon 
them by ice-pushed pebbles. In some localities groups of small ice- 

scoured hillocks protrude so 
thic'kly from the grass- 
covered drift that they 
appear from a distance like 
sheej) at r(\st. Phey are 
called roches 7n<)iiionnees, 
Some larger hills of the 
same origin have striking 
inequaliti(‘s of slope (Fig. 
177). A long and gradual 
incline marks the side up 
which the ice pushed its 
slow and grinding way, arnl 
the lee slope is left shorter and stee])er as a result of the quarrying or 
plucking action of the ice as it pulled away jointed blocks of rock in its 
forward motion. The name is applied to them also. 

417. Drainage Forms in Ice-scoured Pi.ains. The changes in 
relief produced by ice scour are not of a large order of magnitude as 
compared with some produced by other agents, but they are sufficient 
to disarrange completely the j)reexisting drainage. It may be supposed 
that, during the long period of preglacial erosion, streams had be¬ 
come somewhat adjusted to the characters and structures of the rocks 
of the plains and that they had developed definite patterns as the 
result of that adjustment. The present drainage of the ice-scoured 
plains is noted particularly for its indefinite pattern and its lack of 
adjustment to rock structures. The universal effect of the accident of 
glaciation is to return the drainage of a region to a stage of youth 
in which it is characterized by numerous lakes, waterfalls, and rapids. 

Lakes are particularly numerous in plains of severe ice scour 
(Fig. 178). Many of them lie in rock basins eroded by the ice with its 
characteristic disregard for uniform gradient. Such basins often are 



Fig. 177. —Roches moiifnririees in the ice-jicoured 
region of northern Minnesota. The hills in the 
background also show ice-scoured form. 
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broad, only moderately deep, and are dotted with islands which are 
ice-scoured rock hills of the irregular plain. Glacial lakes of the rock- 
basin type arc likely to be enduring as well as numerous. There are 
several reasons why they arc less subject to quick destruction than 
are lakes of some other origins, (a) Streams that flow into rock-basin 
lakes flow over ice-scoured regions, mainly in rock channels, and have 
little sediment to spread over the lake floors or with which to build 



Fro. 178.—Sprawling lakes, mainly in rock basins, occupy much of the ice-scourecl 
plain of western Ontario. They are proving a valuable resource in the development of 
the summer-resort industry. (Afftr Map 24 A, Province of Ontario^ Department of Surveys.) 


deltas, {h) The outflowing streams are clear and, therefore, unable 
quickly to erode notches in the hard rock rims and thus lower the lake 
levels, (c) Ice-scoured regions are in large part unsuited to agriculture 
and generally remain in forests, whose littered spongy floors tend to 
prevent rapid runoff and thus to keep the ground-water table high and 
lakes at uniform levels. Some small rock-basin lakes show almost no 
tendency to destruction even after the vast lapse of time since the 
disappearance of the last ice sheet. On the other hand, there are some 
that were shallow by origin and have been filled subsequently by the 
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remains of marsh vegetation such as sphagnum moss. In Canada 
bogs of that type are called muskeg. 

The same disregard for uniform gradient tliat enabled glaciers tn 
erode rock basins caused them to leave rock ledges or other abrupt 
changes of slope to be discovered by the drainage of ice-scoured plains. 
Streams in such regions found their courses by overflow from basin to 
basin after the ice was gone, and the wandering patterns of their 
arrangement are in consequence of the slope as it was left by the ice. 
On such ungraded courses falls and rapids are numerous, and in 



Fig. 179.—An air view of the lake-dotted, forest-clatl plain of ice-scoured crystalline 
rocks north of Lake Superior. (Rayal Canadian Air Force Photograph.) 


regions of hard rock they are, like the lakes, enduring (Fig. 299). 
Moreover, the utility of the streams of ice-scoured plains for water¬ 
power development is high compared with that of streams in plains 
of other kinds. The streams are relatively free of silt; the falls, though 
seldom great, are numerous and widely distributed; and the discharge 
of water over them is much regulated by the presence of many natural 
lakes and swamps and by the floors of widespread forests in the drain¬ 
age areas, 

418. Extensive Ice-scoured Plains. The most extensive ice-scoured 
plains of the world are found close to the centers from which the great 
Pleistocene glaciers of Europe and North America radiated (Fig. 184^, B). 
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These regions are (a) the Laurentian upland plain of Canada and (b) the 
plains of Sweden and Finland. The fact that the preglacial surface in each 
of these regions was a peneplain of ancient crystalline rocks instead of less 
resistant sedimentary rocks probably had much to do with the cleanness of 
ice scour and the preservation of the ice-en)ded forms. The time that has 
elapsed since glaciation, although it is tens of thousands of years, has not 
been suflicient for slow w^eathering under liigh-latitude climate to produce 
any great change in the ice-carved forms of tlie hard rocks (Figs. 197, 198). 

A general view over either of the regions named shows an irregularly 
rolling plain, covered in large part by coniferous forest. Much of the forest, 
especially on the iiiterstream ridges, is thin and poor, and knobs or patches 
of bare rock ouUTOp at frequent intervals. Better forest and patches of 
tillable soil in the depressions indicate some accumulation of drift. Areas of 
swamp, which are marked by different classes of vegetation, occupy rock 
and drift basins too shallow to contain lakes. Among the woodlands lie 
tJiousands of rock-riinm(‘d lakes, most of them small, but some large and 
dotted with islands (Fig. 179). Connecting the lakes are streams with queer 
sprawling ])attern.s, their tributaries meeting at strange angles, and their 
placid reaches frequejitly interrupted })y the white winter of foaming rapids. 
Examination of rcasotiably detailed maps of Finland or of the district lying 
north and west of Lake Sui)erior will reveal the remarkable development of 
lakes in those regions and tlie otlier peculiarities of <]rainage in ice-scoured 
plains (Fig. 178). According to Blancliard and Visher, tliere are more than 
,‘35,()(K) lak(‘s in Finland, and they occupy more tluin 11 ]>er cent of the area 
of the country. Certain sections of the Superior Highland are more than 
^15 per cent lake area, but that is not true of the ice-s(’oured region as a 
whole. 


The Features of Drift Plains 

419. The General Relationships of Drift Plains. The drift 
plains of tlie jirincipal regions of continental glaciation are of greater 
area and of much greater human significance than are the ice-scoured 
plains. They occupy most of the broad outer margins of the glaciated 
regions in both North America and Europe, and over them are spread 
the debris carried from the ice-scoured plains intermingled with a 
much larger quantity obtained locally or transported only a short 
distance. Their features are the products of both ice scour and the 
deposition of drift. 

The drift is of variable thickness. In places it is deep, as in the 
valleys that existed before glaciation, but it may be thin or almost 
absent upon the tops of some adjacent ice-rounded rock hills. In some 
localities drift completely buries the rock surface under an unbroken 
mantle which may be several tens of feet or even 400 or 500 ft. in 
thickness. The surface features of the drift are relatively independent 
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of those of the underlying rock. Drift commonly is deep in the bottoms 
of buried preglacial valleys and thinner over the to})s of adjacent rock 
hills, although the reverse is sometimes true. In general the effects of 
continental glaciation upon relief were to smooth and make more level 
the regions in which dej)osition was the dominant activity. This was 
brought about by more severe erosion of the stream-f*ut rock hills of 
the preglacial surface than of the valley bottoms and by a greater depo¬ 
sition of drift in the valley bottoms than on the hilltops (Fig. 18(kl). 
In some localities, however, rough moraine deposited upon a smooth 
rock surface had the opposite effect (Fig. 180C). 




Fig. 180.—Different effects of glacial deposits upon previous rock surfaces. (.4) A 
hilly rock surface made more smooth by drift; (B) a rock surface of considerable relief 
partly buried by drift; a rock-controlled drift surface; (C) a smooth rock surface made' 
irregular by the deposition of rough moraine. 

420. General Features of Drift Plains. It has been noted 
previously that glacial drift is comprised of several classes of deposits, 
some of which are put down underneath the body of the icc itself 
whereas others are associated with its margins or with the streams of 
melt water flowing from the ice (363). Because of this fact the typical 
drift plain has various classes of features arranged in diverse but recog¬ 
nizable patterns. The most extensive and fundamental element in 
thjis complex is the till sheet or ground moraine, an undulating surface 
which covers most of the area once occupied by the glacier. About the 
margins of the till sheet, and also upon its surface, may be found 
varying amounts of the other classes of deposits. Ridgelike marginal 
moraines (end or recessional) often are arranged in broad festoons, 
one behind another (Figs. 181, 189). Bordering them, either beyond 
the till sheet or upon its surface, are areas of stream-sorted and 
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deposited sand and gravels or beds of fine sand and clay which accu¬ 
mulated in temporary lakes. 

Each maj(jr class oi drift is characterized by distinctive features 
of surface configuration and differences in composition which have 
both advantages and disadvantages for human occupance and use. 
They may now l)e presente<l for more detailed consideration under the 
following headings: (a) till plmns; (h) marginal moraines; (c) glacio- 
fluvial plains, ainl (d) glariolacusirine plains. 

421. The till plain (302) is a mantle of unstratified drift de¬ 
posited undern(‘ath the glacial ice. It is a widely distributed surface 



Fitj. ISl,—A diaf?rain to illustrate the relationship of several classes of glacial 
an<l glaciofluvial deposits to the parts of the glacier by which they were formed. {A) 
A plain partly covered by the margin of a stagnant glacier; {B) the same plain after 
the disappearance of the ice by melting, 

deposit and is the foundation upon which other forms of drift rest in 
many localities. In it are rock materials of all degrees of size from large 
boulders, such as can be carried only by glaciers, down to the finest of 
clay or rock flour (Fig. 182). These ingredients are thoroughly mingled 
and show no separation into strata of different size or weight classes 
such as are deposited by running water. The till generally is comprised 
of materials which largely are of local origin. In regions of sandstone 
bedrock it has commonly a large component of sand, and in shale 
regions a large component of clay. Usually, however, there are foreign 
materials present also. Some are fine materials such as sand, clay, 
and pulverized limestone brought from regions of different kinds of 
rock. Others, called erratics, are pebbles and boulders of harder sedi- 



S5(} THE PHYSICAL ELEMENTS OF GEOGRAPHY 

meiitary rocks or of igneous or metamorphic rocks which have been 
transported scores or even hundreds of miles from their nearest known 
sources. Such rocks often are conspicuous bc^cause of their large size 
or their hard and unweathered condition. Many of them are sub- 
angular in shape and show scratches and other evidence of having 



Fig. —An exposure of glacial till showing the unassorted clay, pebbles, and 
boulders of which it is compos<*d. Note the subangular shape of the large boulder at the 
left. {Wiscons'in Geological Survey Photograph.) 

been reduced in size by scraping and grinding against other boulders 
and the Viedrock during their travels (Fig. 18.S). In regions of resistant 
bedrock especially, boulders of local origin may be so nunu‘rous in the 
till as seriously to interfere with the cultivation of the soil. Such is the 
case, for example, in New England, where the till sheet is thin and 





IiG. 183. A subangular boulder showing glacial striae. (U, S. Geological Survey 

Photograph.) 

the surface features are about as much the result of ice scour as of the 
deposition of drift. Unlike the normal weathered regolith (Fig. 112), 
which grades downward into the underlying bedrock from which it is 
derived, the till sheet is similar in composition from top to bottom, 
however deep it may be. Moreover, it ends abruptly and rests upon 
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the hard and little weathered surface of the ice-scoured bedrock 
beneath. 

422. The Surface Features of the Young Till Plain. The 
relief features of the till surface generally are of a minor order of size. 
The principal and widespread characteristic is a gently undulating 
surface which includ(‘S broad low hills, or swells, and wide shallow 



Fid. 184. -Tilt* undulating surface of a till plain. (fVid'co/^.n'n (Uologlcal Svrvry 

Photograph.) 


depressions, or swales, the latter often without outlets (Fig. 184). 
These result from the unequal dt‘j)osition of th(‘ ground moraine. The 
various elevations and tlepressions are arranged according to no 
recognizable pattern, and commonly the local relief is less than 100 ft. 
Exceptions to this condition arc found in areas that had a eonsider- 



Fio. 185.— A rock-controlled drift surface in southern Wisconsin. The principal 
hills are rock thinly covered with till, but the intervening lowlands have a deep drift 
cover, (c/. Fig. 180/C) {JVisconain Geological Survey Photograph.) 

able preglaoial relief. There the principal hills are rock-cort'd and are 
but thinly veneered protrusions of a rock surface having a relief too 
great to be completely buried by the till sheet (Figs. 180/?, 185). 

In a few localities only are there hills of considerable height which 
are composed entirely of the glacial till. The exact manner of forma¬ 
tion of these peculiar hills is not known, but commonly they are half- 
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Fig. 186.—A pair of driimlins on the till plain of central New York. Their shapes 
indicate that the direction of glacier movement was from right to left. {cf. Figs. I HI, 187.) 
{U. S. Geological Garvey Pholograph.) 



Fig, 187. —The relief pattern of part of a large dnimlin region in central New York. 
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egg-shaped, their higher and steeper ends facing in the direction from 
whicli the ice came (the reverse of the roches moutonnees, 416). They 
are called drumlins (Fig. 186). Some of tliem reach heights of 100 ft. 
or more and may be a mile long, but many are smaller. Where condi¬ 
tions under the ice were favorable to the formation of one drumlin 
they apparently were equally favorable to the formation of others, 
for commonly they are found in groups that occupy many square miles 
(Fig. 187). The individual drumlins of a group are separated by the 
undulating surface of the till plain, from which they rise somewhat 
abruptly. 



Fig. 188.—The drainage pattern associated with drumlins in a portion of a Wisconsin 

till plain. 

423. Drainage Forms and Drainage Patterns in Young Till 
Plains. The drainage condition of till plains of recent glaciation 
must be described as generally poor. The uneven and patternless 
dumping of the till is reflected in the ill-developed pattern of the 
streams which, in consequence of the slope of a surface of swells and 
swales, spilled from one depression into the next after the disappear¬ 
ance of the glacier (Fig. 188). These streams, like those of the ice- 
scoured plains, are youthful. Their courses arc interrupted by swamps, 
lakes, falls, and rapids. In regions of deep till the falls and rapids were 
soon eroded out of the soft material and are not now numerous. Indeed, 
some small streams flowing through the unconsolidated till have 
quickly acquired graded courses and show well-developed meanders 
and other evidences of stream maturity. In many till plains, however, 
the downward cutting of a stream in the glacial drift has discovered 
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here and there a buried ridge of ilu‘ preglacial rock surface and has 
developed falls or ra])ids of greater permanence having economic value 
as water-power sites. 

The numerous lakes and far more numerous swamps of the till 
plain lie mainly in depressions due in part to ice scour and in part to 
the unequal dep)ositioii of the drift. The de])ressions, or basins, thus 
formed are of two somewhat different kinds, (a) Some are due to the 
erosional reshaping, unequal filling, and morainic blocking of preglacial 
river valleys. Some of the lakes formed in such basins are large, deep, 
and permanent. The (ireat Lakes of North America lie in basins that 
are mainly glacial modifications of j)reglacial river valk‘ys. Ice scour 
enlarged these valleys, and morainic dams blocked them, although a 
g(*ntle crustal warping has also been involved in their formation. 
Owing to successive drift dams across a single preglacial valley, lakes 
may occur in succession forming a chain, as does the series of four near 
Madison, AVis. (b) Other basins are the impressions of large ice blocks 
which became detached from the margin of a stagnant gla(‘ier as a 
result of melting along crevasses. Basins of these origins may be many 
square miles in area, or they may be mere ])oi]ds, but, whether large 
or small, they are likely to be shallow. Lakes in the smaller morainic 
basins are maintained by direct raiid’all, l)y springs about their borders, 
or by inflowing })rooks from limited drainage areas. 

The permanency of the numerous small lakes of the till plain is not 
great. Inflowing drainage is a])undautly sup}>lied with silt and tends to 
fill a basin quickly. Outflowing drainage is aide quickly to cut a notch 
in the soft morainic rim, lowering th(* outlet and with it the lake level. 
Such as are maintained by rain and springs and drain wholly by 
seepage through the drift depend for their existence upon the position 
of the ground-water table. In the till plains of America, even before 
the agricultural occupance of the land during the past century, thou¬ 
sands of lake-filled basins left at the retreat of the last glacier had been 
filled or drained by natural processes, including the growth of vegeta¬ 
tion, and converted into marshes. Generally the basins are partly filled 
with peat, the acid half-decayed remains of rank vegetative growths. 
Some are now covered with grasses and appear as marsh meadows. 
During the last century other thousands of small lakes and ponds in 
America have dwindled in size or have become marshes, owing to the 
increased rate of fill resulting from clearing and plowing on adjacent 
hillsides or to the lowering of the ground-water table which follows 
general deforestation. Likewise, thousands of acres of small marshlands 
have been artificially drained, and their surfaces put to agricultural 
or pastoral uses. 
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424. Marginal Moraines and Their Arrangement. A period 
of balance betwcH^n the rate of glacial advance and the rate of melting 
permitted the position of the ice margin to r(‘main stationary or to 
change but sligliLly. During such a time the irnning ice continued 
to drag forward in its bottom, or 1o carry forwartl in its mass or on 
its surface, quantiti(‘S of drift all of which were deposited about 
its relatively stationary margin as a marginal moraine (363, Fig. 181). 
Thus were created ridges or belts of drift of greater thickness than the 
till sheet and with notably different detail of form and pattern of 
arrangement. 

Periods of temporary marginal halt occurred (a) at the jdace of its 
greatest advance, during the time of hesitation between gcmeral 
advance and exc(‘ssive wastage; and (h) at intcu’v^als during the long 
time re(|uired for the slow and comph‘t(‘ wastage or melting back of 
the glaci(T. Moraines put down about the margin of the ice at its 
most advanced position are called end moraines', lieces'sdonal moraines 
were built upon IIk; top of the till plain at jdaces of hesitation or 
temporary readvanca^ during glacial wastage. It appears to have been 
a general condition of glacial disa])pearanct‘ that atmospheric tem- 
])('ratur(\ the suj)])ly of snow, or other elenu'nts of environment caused 
the rate of waste to be most irregular. Advances, or slight rtaidvances, 
during which marginal moraines great or small wen' formed, alternated 
with periods of waste so rapid that only small amounts of marginal 
deposit were put down upon the surfac(* of tin* till. This is indicated by 
successive morainal ridges separated by an'as of till plain. 

The patterns of arrangenu'nt of marginal moraines greatly affect 
the appearance and use of regions in which they occur, and also they 
may be used to indicate the extent of the area covc'n'd during the 
period of gn'atest glacial advance or at any stage during its retreat. 
Tt is certain that all parts of a long ice front of from 1,000 to 2,000 
miles neither advanced nor wasted away as a unit but did so unequally 
as a series of lobes or tongues separated by embayments. Evidence 
of that is found in the pattern of arrangement of the principal end 
moraines and other marginal moraines left by the last continental 
glacier of North America. They form a series of intersecting arcs or 
of interlacing and irregular scallops (Fig. 189). 

425. The Size and Composition of Marginal Moraines. 
Marginal morainal ridges vary greatly as to size and form. Some are 
so meager as to be hardly noticeable; others are single narrow ridges 
a few yards in width and only a few feet high. However, some are 
comprised of belts rather than ridges of drift and have rough or strongly 
undulating surfaces which are pitted with steep-sided depressions. 
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These belts commonly are from 1 to 5 miles in width, many miles 
long, and contain hills which reach elevations of 100 to 200 ft. higher 
than that of the bordering till plain. Such moraines clearly were not 
deposited by the ice while its margin remained unmoving. They are 



Fig. 189.—The pattern of arrangement of the ghacial, glaciofluvial, and glacio- 
lacustrine deposits in the Great Lakes region, {Hejrroduccd by permisition of F. T. 
Thwaites,) 


compound ridges resulting from deposition during a period of many 
minor changes of position. 

The drift that makes up marginal moraines includes both unstrati¬ 
fied and stratified forms. Much of the material, having been pushed 
forward into its present position by an advancing ice edge, is boulder 
clay, like that of the till plain. Other parts, and especially the surface 
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materials, were deposited with the partial aid of waters flowing from 
the melting ice and issuing from channels on the ice or under it. The 
effect of stream sorting on the drift was to remove the clay and other 
finer materials and transport them out beyond the marginal moraine. 
That tended to leave the surface of the morainal ridge much more 
gravelly and with a higher proportion of large boulders than char¬ 
acterizes the till plain. Even in regions where the adjacent till has not 
many boulders marginal moraines may be so stony as to interfere with 
their cultivation. 



Fiu. 190. -Two views showing the rough kame-and-kettle surfaces of marginal moraines. 

{Photographs by John IL Randall.) 

4*26. The Surface Features of Large Marginau Moraines. The 
rough and knobby surface peculiar to belts of marginal moraine sometimes 
is called kame-aridJxettle moraine (Fig. 190). Karnes are rounded or irregular 
liills, sometimes even ridges, of imperfectly stratified glacial gravel. It is 
believed that tliey are mainly the conelike or deltalike deposits of streams 
from the ice front. Being formc^d of gravelly drift against the ice front, 
many of them slumped backward upon the withdrawal of the ice, leaving 
mounds of rounded shape and disturbed strata dotting the morainic sur¬ 
face. Kettles are steep-sided hollows, often quite round, in the drift. They 
are particularly abundant in marginal moraines, where many of them 
appear to have originated, like many of the lake basins of the till plain, 
through the separation of large blocks of ice from the glacier edge and their 
existence there until the glacier was so far withdrawn that the surface 
depressions caused by their melting could not be filled with other deposits. 
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Not only is the surface of tlie typical marginal moraine rough and stony, 
but it is dotted with lakes and ponds which lie in the kettle holes. Lakes of 
this kind vary from small round ponds to some of considerable size (Fig. 
191). Many of them have neither visible inlet nor apparent outlet. They are 
maintained by surface drainage and b.>' springs in the glacial deposits and 
are prevented from overflowing l)y outward sec'page through tlie gravels of 
the morainic ridg(‘. 

Pleasantly irregular surfaces, numerous lakes, and scattered woodlands, 
left by farmers on sti^ep or stony surfa(*es, cause belts of marginal moraine 
to be sought as playgrounds by the inhabitants of adjacent flatter plains. 

427. (iLAcioi LiTViAL pLAixs. Drainage from a long ice front was 
discharged through many small, temporary, and shifting streams. 
Olten they were overloadc'd, an<l, esea])ing from the confines of narrow 



Fio. 191.- Small kettle lamds surrourulefl by boiilder-strewii kames in a marginal 
moraine near Whitewater, Wis. 

crevasses or siibglaeial tunnels, their velocities werti checked imme¬ 
diately beyond the marginal moraines. There they built glaciofluvial 
deposits which have features somewhat like those of flood])lains or 
alluvial fans Some marginal moraines are fringed for miles 

with outivash plains of water-sorted and therefore stratified drift which 
was washed out frrim the ice front (Figs. 181J, 192). These are c^harac- 
terized by^ flat surfaces and an internal structure of rudely stratified 
sand, gravels, and small boulders (Fig. 193). In general, the clay 
component of the drift is not present in the deposits because it was 
carried farther on by the streams that built them. The largest boulders, 
on the other hand, usually were left behind on the moraines. Outwash 
plains are of frequent occurrence in association with end and other 
marginal moraines. The generally flat surfaces of some outwash plains 
that are underlain by till are dotted with kettle holes which appear to 
have resulted from the melting of stranded and perhaps buried ice 
blocks left during the glacial wastage (Figs. 181, 194). Plains of that 
kind are called pitted outwash. They are common among the extensive 


GLACIATED PLAINS 


365 


outwash plains of southern Michigan (Fig. 189). During spring thaws, 
when the soil still is frozen, the kettles are likely to contain small ponds, 
but they arc not commonly occupied by permanent lakes because of 
the free drainage of surface waters through the underlying gravels. 



Fig. I'hc flat or gently un<lulaliiig surface of an outwash plain. {Wiscomsin 

(icohtgiral Survri/ Vholograph.) 


Because of the materials of which outwash ]>lains com])osed they 
commonly an‘ of rather l.)\v agrietiUural product i\’ity as compared with 
till plains. Even though their surfaces are very flat, they are in some 



Fig. 193.—A cut through an outwash plain showing sand and gravel washed free of clay 
and rudely stratified according to size. {Wisconsin Geological Survey Photograph.) 

places sto^y and in others sandy, and usually they are subject to 
drought because of the free underdrainage. They are, however, 
firovided with naturally crushed and rudely sorted sands and gravels 
for constructional use, and the supply is abundant since some of the 
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outwash deposits are many feet thick (Fig. 195). The large commercial 
gravel pits of the Great Lakes region mainly are located in outwash 
plains. 

428. Channel Deposits. The abundant drainage of a glacier margin 
in some places was spread fanwisc upon outwash plains hut in otliers was 



















Fig. 194.- -The undulating surface and numerous hollows of a pitted outwash plain. 
{cf. Fig. 181.) Geological Survey Photograph.) 


confined within definite channels. Some such were within the ice; others 
were beyond its margin. Tlie streams leading away from the fronts of some 
glacial ice lobes seem to have been heavily burdened, since their channels 
now are floored with glaciofliivial deposits for many miles beyond the former 
ice margin. These aggraded glacial .stream beds are called valley frainss and 



Pig. 195.—A view showing outwash gravels and marginal moraine in association. 
The smooth surface of the outwash plain is show'n above the gravel pit, and the position 
of the bordering moraine is indicated by the low hills in the right background. {The 
Sheboygan Press.) 

they bear the same relationship to outwash plains that floodplains bear to 
piedmont alluvial plains. Valley-train gravels and sands now are found in 
the floodplains or alluvial terraces (400) of the Mississippi, lower Wi.sconsin, 
and other streams the channels of which led away from the front of the great 
North American glacier (Fig. 189). 
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The temporary streams that discharged from the glacier margin flowed 
from the ice sometimes at the bottoms of deep crevasses in the i(?e and some¬ 
times in ice tunnels (Fig. 181). Being heavily loaded, they aggraded their 
beds and built narrow deposits of glaciofluvial drift within the confines of 
crevasse or tunnel. If the stagnant ice melted away without sufiBcient for¬ 
ward motion to erase so fragile a feature, it clearly would remain to mark the 
course of the ancient stream. Such deposits are not uncommon and are called 
eakers. They appear as sinuous ridges of gravel somewhat like an abandoned 
railroad grade. Some of tliem continue, with interruptions, for many miles 
(Fig. 196), They also are potential sources of gravel for use in construction. 

429. The Drift Plains of America and Fhjrope. Those parts 
of glaciated North America and Europe in which the features made 
by glacial deposition predominate over those that result from ice scour 
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deposits so recent that they have heen little altered by weathering and 
erosion since their deposition. J'here arc associated with them, in both 
North America and Euroj)e, extensive plains which bear unmistakable 
(‘vidence of being ice dei)osited but which clearly are much older 
(365). The gradational i)rocesses have been so long at work upon them 
that tliey have reduced some of the irregularities and created new ones. 
Morainal ridges have been subdued, kaincs worn down, kctth's fillc'd, 
and lakes drained or tilled, so that the number and irregularity of 
these features are much less than in the newer drift. Erratic boulders 



Fig. 197.— The ^^laeiated regions of North Ameriea distingiiisheci as to the dominaiiee 
of older drift, newer <lrifl, and ice scour. 

have been weathered until many of them crumble into earth, and 
ffravel deposits have been ilisintegrated or buried beneath later 
alluvium or deposits of loess (445). The result of these changes lias been 
to produce more gently undulating plains, better drained and with finer 
and more uniform drift. On the other hand, the greater age of this drift 
has permitted erosional features to develop whieh locally increa.se 
the irregularity of the surface. The aimless pattern of the drainage 
eharacteristic of new drift has been reformed and approaches the 
dendritic pattern of stream-eroded plains. Stream valleys have been 
cut through the drift into underlying rock. In places the drift is largely 
removed and becomes thin or patchy, so that the surface features are 
not greatly different in appearance from those of the driftless plains 
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beyond the margin of former glaciation. Even marginal moraines 
are so changed that the former positions of some of them may be 
conjectured only from remnants. Hie distribution and comparative 



Fici. ]08.—The regions of older and newiT glaiaation in Europe, I In lalUn- subdivided 

as in Eig. 197. 

extent of the new and old(T drift sheets of America and Europe are 
indieal(‘d in Figs. 197 and 198. 


491, The Oldeu Drift Scbdivided, In the oldtT drift itself students 
of glaciology recognize drift Iiorizons of s(‘veral distinct iiges. Tliese art^ 



Fig. 199.—A diagram to illustrate the formation of a temporary lake between the 
margin of a glacier and a low divide across which the surplus drainage escapes. Glacio- 
lacustrine deposits are seen in the lake bottom. 


separated by layers of plant remains and other evidences of great lapse of 
time. While the latest of them is far older than the newer drift, it may be 
noted that even the oldest of them is much younger than the sedimentary 
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rocks upon which they rest. This can lead only to the conclusion that, 
however many thousands of years it may be since the disappearance of the 
last ice sheet, it is many times that number since the coming of the first one. 
Also, that the ‘*iee age," including all the several periods of glacial advance 
and wastage with intervals between them, is but a relatively recent event 
in earth history (see Appendix E). 


Glacial Lakes and Lake Plains. It has been shown how 
glacial lakes liave been converted into marshes and the marshes into 



Fig. 200.—A present exposure of 
finely stratified or varvnl clays which 
accumulated in I he bottom of a tem¬ 
porary lake of the glacial period. 
comin Geological Survey Pholograph.) 

and, therefore, w^as impounded i 


farm land by filling or by draining 
through natural processes or human 
intervention. Thousands of small 
fiats of that kind are found among 
ilie farm lands of drift plains. Sonu‘- 
what different in kind, and of im¬ 
mensely greater size, are a, few 
plains resulting from the existence 
of former great lakes now diminished 
in area or completely disappeared. 
It has been observed that the lakes 
of the drift plains are due to some 
kind of glacial obstruction of pres¬ 
ent drainage. This is iti some degree 
true even of the Great Lakes. 
How^ever, in an earlier stage in their 
history the drainage of the Great 
Lakes, and of several other large 
lakes which have now disappeared, 
was obstructed by the ice of the 
glacier itself. Where the ice front 
rested iijion a surface that sloped 
down toward the glacier it furn¬ 
ished drainage that could not escape 
i a lake that had the ice front as one 


margin. The lake rose until it found an outlet at the lowest point on its 
rim (Fig. 199). Temporary former glacial lakes of that kind are known 


as marginal lakes. The final wastage of the ice barrier back of a marginal 
lake removed the obstruction that caused it. The drainage sought a 
new and lower outlet, and the lake dwindled in size or disappeared 
entirely. During the periods of their existence marginal lakes modified 
the land surfaces tliat they covered and in their disappearance left 
behind unmistakable features which are called lake 'plains or lacustrine 
plains. Their distinguishing features are level surfaces which are 
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comprised largely of the wave-worked ingredients of the drift; silts 
and clays where they were abundant; but sometimes sand also (Fig. 
200). Plains of this origin have a flatness similar to that of newly 
emerged marine plains. There are few extensive plains more level than 
these (Fig. 201). They include also shore features such as beach ridges, 
offshore bars, and deltas that are comprised largely of glacial sands and 
gravels. These features arc spread at intervals that mark successive 
stages in the lowering of the outlet and the decrease of the lake area. 

Many of the areas shown in Fig. 189 to be lake plain, such as parts 
of the Upper Peninsula of Michigan, had surfaces too rough to be 
completely submerged by the temporary lakes of glacial times. They 
now contain areas of lake plain interspersed among rocky hills. Many of 



Fig. 201, —The exlreiiiely level surface of a glacial-lake plain near Saginaw, Mich. (cf. 

Fig. 189.) 


the latter, during the existence of the enlarged lakes, must have been 
islands. In places also, stream erosion since glacial time has dissected 
the lacustrine plains so thoroughly that only remnants of their flat 
surfaces now are to be seen. 

433. Notable Lacustrine Plains. Glacial lake plains are found 
in Europe, and there are in America several of great extent and 
unusual economic significance. Notable among these are the lake-plain 
margins of the present Great Lakes, the Lake Agassiz plain, the south¬ 
ern part of the Ontario Clay Belt, and the sand plain of central Wis¬ 
consin. During the wastage of the last ice sheet the southern portions 
of the Great Lakes were exposed while the great ice dam still lay across 
the lowest and present outlet through the St. Lawrence Valley. Drain¬ 
age from the ice front during that time was forced to seek other and 
higher outlets. This caused the formation of lakes of larger area than 
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those of the present. The bottoms of those more extensive lakes, 
containing the unleached glacial silts and clays, are now flat and 
fertile plains in northern Ohio, eastern Michigan, western New York, 
and elsewhere (Figs. 189). Even the city of Chicago stands in 
large part upon one of them. They are bordered by a series of beach 
ridges and other shore features which mark the lake levels at the stages 
of successive oiitl(‘ts. 'riicsc slightly elevated ridges were much used 
as thoroughfares in the days of early scttleincnt because they wer(‘ well 
drained. Several an‘ now tlu* sites of iin])ortaiit roadways established 

at that time. Examples of such roads are 
seen in T. S. Highway 81 west of Roclieslcr, 
N. Y., ami r. S. ^0 both cast and W(‘st of 
(Cleveland, Ohio. 

In th(‘ saim* manm'r glacial drainage 
was impounded in a large* marginal lake 
between the wasting ice front in central 
Canada and the higher land of central 
INlinnesota. A broad and shallow lake cre¬ 
ated upon this slope found for a long time* 
its lowest outl(*t through the course of the* 
present Minnesota River into the Missis¬ 
sippi. Tile wav(‘-workcd sediments that were spread ovc*r the floor of 
that formerly extensive* boeiy of water, which is known as Lake Agassiz, 
now comprise the flat and fertile Red River Plains. Lakes \Vinni[)eg 
and AVinni])egosis now occupy the lowest j)ortions of the depression, 
the remainder of the lake having disaj)peared when the ice dam was 
removed. 

Upon the ice-scoured surface of the Laurentian Shiehl where 
morainic de])osits generally an* scant, coarse, and infertile is a region 
known as thi* Ontario fday Belt. It is a district of growing agricultural 
value and is comprised in part of sediments laid down in a marginal 
lake. So also is the plain of central Wisconsin, but in this instance 
both the drift from which the sediments were derived and tin* lake bed 
upon which they were deposited were composed largely of sandstones. 
The lake plain of central Wisconsin is th(*refore flat but not fertile. 

434. Important Glacial Spillways. Summer melting along an 
extended ice margin must have produced large volumes of drainage water. 
It would be strange if streams of sufficient size to carry so much water had 
not left their marks upon the landscape. The principal marks are ancient 
spillways. These are broad valleys eroded in the drift or in rock beds where 
ice-front or marginal-lake drainage cut across low divides into established 
rivers leading to the sea (Fig. 203). Many such spillways are known, both in. 



rial spillways of North 
America. 
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America and in Europe. Several of them arc now occupied by streams that 
seem ridi(;ulously small in valleys that appear to have been eroded by 
streams of the size of the Aiississippi. Figure ^0% shows the location and 
drainage relationships of the principal American spillways. It will be recog¬ 
nized at once that some of them are of unusual significance as routes of 
present-day transportation. The Chicago outlet providetl a naturally graded 



Fig. 203. The fiat-b<»ttoiiied channel of a former glacial spillway, not now occupied 
by any stream. {Wi/icorutin Geological Survey Photograph.) 

site which made possible the economical construction of the Illinois and 
Michigan Canal aiul later tlie Chicago Sanitary and Ship Canal. It is 
traversed also by railway lines and an iinj)ortairt highway. Tlic Mohaw^k 
Valley outlet toward the Hudson River furnishes tlie lowest and l)est graded 
route across the Appalachian Higldand. ft became a busy tlioroughfare 
after the construction of the Erie Canal through it and now (‘arries a high 

PRESCNT RJVtRS AND ANCIENT GLACIAL SPILLWAYS IN N. EUROPE. 



Fig. 204.- The glacial spillways that drained the h>ng European ice front toward the 
west at various of its stages of disappearance. {After Paul Woldstedty Das Eiszeitalter.) 

concentration of rail and highway traffic. Figure 204 show^s the iietw^ork of 
spillways which carried drainage from the w’asting ice fronts of Europe. 
The channels made by that drainage cut across the present trend of the river 
valleys of the North European Plain and provide natural access from one of 
them to another. The German system of canals utilizes these graded courses 
to link together the natural waterways of the country. 






Chapter XVII. Plains in Dry 
Climates 


Desert Plains 

435. It may be assumed that the feature's of arid desert plains 
result from the opt'ration of the same tectonic and gradational proc¬ 
esses that have hei'ii considere'd in connection with the features of 
other plains. IIow<‘ver, the features of arid ])lains do not look like 
those of jdains in humid re'gions, because the work of the gradational 
agents under arid climate is sufficiently different so that many distinc¬ 
tive feature's are produced. The outstanding differences between the 
features of arid-land relief and those of humid regions may be attrib¬ 
uted largely to the following: (a) the much slower rate of weathering 
in arid regions than is found under humid conditions; (h) the meager¬ 
ness of the v^egetative cover of desert surface's, with resultant lack 
of protection against erosie)n; (r) the intermittent but typically 
rapid runoff of desert strc'ams; (d) the peculiar and highly selective 
nature of desert-stream erosion; (e) the prevalence of basins of interior 
drainage; and (/) the widespread occurrence of features that result 
from wind erosion or wind deposition. So general is the distribu¬ 
tion of the latter that arid plains might almost be called aeolian 
plains. 

436. Features Ilt^suLTiNG from the Slowness of Desert 
W p}ATHERiNG, Both chemical and mechanical weathering act upon 
the rocks of desert regions, but owing to infrequent precif)itation and 
low atmospheric humidity they act slowly. The rate of erosion is rapid 
by comparison, since both wind and flood waters are active eroding 
agents. The slowness of weathering and the comparative activity of 
erosion result in the exposure of unweathered rock features in bold 
outlines and sharp details which, in humid climates, would be softened 
in contour by rock decomposition or by burial underneath an accumula¬ 
tion of weathered debris. For that reason, and because there is so 
little vegetation to conceal them, fault scarps, the eroded edges of 

374 
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sedimentary strata, or stream-eroded bluffs commonly stand out promi¬ 
nently upon the desert plain. Even small features fail to lose, in spite 
of long exposure, that angularity of profile and freshness of detail 
that make them appear to be of recent origin (Fig. 205). 

437. Features Resulting from the Peculiarities of Desert- 
stream Erosion. In humid plains the streams that result from well- 
distributed rainfall and the addition of ground water through springs 
and seepage flow steadily and cut valleys I he forms and patterns 



Fig. 205.—The steep undercut banks of a desert stream channel in Arizona. Tht; 
stream, here easily forded, sometimes is a flood that occupies the entire channel. The 
small embankments beyond the car mark the heights of lesser floods. {Photograph by 
DeCon^ from Eieing Galloway,) 

of which have become familiar. In arid regions most streams are inter¬ 
mittent, but occasionally they flow in great volume as a n^sult of the 
fall of torrential rain upon the bare surface of earth, which is parched 
and incapable of absorbing moisture rapidly. Under these conditions, 
according to Johnson,^ the intermittent streams have a tendency to 
acquire a load quickly by downward erosion at their headwaters in 
the bordering highlands while in their middle courses on the plains 
they tend to choke their own channels, build sand bars, and subdivide 

^ Johnson, Douglas. Rock Planes of Arid Regions. Grog. Rev,, Vol. 22, pp. 656-665, 

1932. 
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into many shallow, braided channels in which occasional torrents of 
water spread and shift from side to side. Instead of cutting greatly 
downward in tlieir middle courses desert streams tend therefore to 
swing laterally, undercut the edges of bordering elevations, and plane 
them off, leaving the eroded surfaces covered only by a veneer of 
alluvium. It is a kind of erosion that is not widely developed in humid 
regions. 

One result of the desert type of stream erosion is the formation of 
smooth rock floors, usually covered by veneers of grav(‘l. Such plains 
often are found about the bases of desert mountains, from which 
they incline outward at low angles, bordered on the one hand by the 
steeper slopes of mountains and on the otlier by the gentler slopes of 
alluvial dejxosits. They have been called 'pediments. Although lh(‘ 



Fig. 20G. The long eroded slope of this pediment, which borders one of the Basin 
R^inges of Nevada, has a veneer of desert alluviiiin. (Photograph by John (\ Weaver.) 


construction of a pediment appears to begin in the graded rniddh* 
course of the stream valleys, the [irocess creeps headward as the valleys 
get older. Lateral erosion gnaws at the foothills and ultimately extends 
into the shrinking mountain mass itself. Finally th<‘ highland may be 
eroded entirely away during the progress of the cycle of erosion.’ 
The pediment is, therefore, a type of rocky plain peculiar to the desert, 
and examples of it are known in most arid jdains. They are abundantly 
developed about the mountain ranges of the North American desert 
(Fig. £06). In the Sahara are broad expanses of rocky desert plain, 
some of which are from 100 to £00 or more miles across. Some of them 
are believed to be parts of ancient peneplains which perhaps are the 
remnants of still more ancient highlands baseleveled by desert erosion. 
If this is true, then they are fully developed pediments which have been 
slightly elevated in more recent geological time, stripped of their 
alluvial veneers by the work of wind and water, and gashed by steep- 
^ Blackwelder, Eliot. Desert Plains. Jour, Geol.^ Vol. 39, pp. 133“14U, 1931. 
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sided stream channels, now dry.^ Having little soil, these rocky plains 
have little even of desert vegetation, and they are the most completely 
desert of all arid plains. In northern Africa they are called hamaday and 
the term may well be applied to similar rock plains in other deserts. 

The effect of sidewise erosion of the dry-land type in regions of 
horizontal sedimentary strata is seen also in flattish surfaces that are 
not necessarily baseleveled. By lateral cutting, less resistant formations 
are stripped away down to the surface of a moni resistant stratum 
the surface of which then practically coincides with the surface of the 
])lain. Such plains are called stripped plaivs. The effect of lateral 
cutting also is manifest in the transverse j)rofiles of str(*am valleys in 
arid plains. Where valleys of considerable size have been cut in desert 
plains they commonly are steep-sided and flat-bottorned and clearly 
are b(*ing widened by undercutting of the valley walls (Fig. 205). The 
result is the disse(dion of the upland into flat-topped, or tabular, blocks 
which are separable! by flat-bottomed valleys. The slopes between 
upland and lowland are steep, and lateral erosion, coupled with a slow 
rate of weathering, tends to keep them so. 

Many desert plains have dry valleys of the flat-bottomed, steep¬ 
sided forin.*^ Some of th(*ni are utilized as routes of travel ))ecaiise they 
furnish well-graded paths across otherwise dissected uplands. Upon 
their bottoms see[)age water and soil water stored from the latest 
rains suffice to support more forage for beasts than may be found upon 
adjacent uplands. In the dry stream channels natural water holes or 
the digging of shallow wells may provide drinking water at usable 
intervals. In some desert valleys there is a sufficient su])ply of spring or 
well water in favored spots to provide for a limited irrigation of crops. 
Such sj)ots are the sites of another kind of oasis (402, 409). 

488. Alluvial Bahins of Interior Drainage. In many arid 
plains are structural (tectonic) basins into which are discharged the 
drainage waters of the plain and wdth them great quantities of alluvial 
filling. In humi<l lands streams that flow into structural basins fill 
them with water, creating lakes w^hich overflow the lowest point upon 
the rim, and the drainage ultimately reaches the oceans. Few streams 
in arid plains have sufficient volume or permanence to flow to the 
ocean. Intermittently they flow and sometimes with great volume, only 
to be swallowed up in the desert floor or to spread in shallow lakes over 

' Gautier, E. F. The Aliaggar: Heart of the Sahara. Geog, R(W., Vol. 16, pp. 378-394, 
19 ^. 

* In America the Spanish name arroyo is the term most commonly applied to small 
stream channels in the dry lands. The Arabic term *‘oued,*^or wadi^ is used for similar 
features in the 8aharan region. 
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the lowest parts of their basins, where exposure to sun and dry winds 
soon evaporates them. Flood water, therefore, moves toward the 
center of the basin, but none flows out. For that reason the desert 
plain may be said to be tyj)ically a region of interior drainage. Only 
a few streams, those of greatest volume and permanence, and especially 
those exotic streams that derive most of their waters from highlands 
beyond the desert, are able to flow across it and reach the sea. Only 
for the great streams is baselevel determined by sea level. For the 
others it is determined by the levels of the alluvium-filled basins or 
temi)orary lakes into which they flow. 

The Dhaixage of DEsEirr Basins. Tlic basins of desert plains gen- 
(Tally are broad and shallow features. Within them lie acciiinulations of 
alluvium which aggrade and flatten the basin floors. Upon the flanks of 



Fig. 207.“ a playa basin in Nevada. Its <leep alluvial filling has a glistening white 
crust of salt, and wind-blown sail clings to the rocky island included wdthin it. {Photo-- 
graph by John V. Wraorr.) 

some, especially the smaller and deeper, the filling is collected in tile form of 
encircling alluvial fans. Basins of that type have been called holsons.^ In 
many of the shallovyer basins the alluvium is spread uniformly over the 
gently sloping plain. The lowest }>ortion of the typical ba.sin of interior 
drainage shows evidence of concentration of drainage there in the form of 
marshes or lakes. If the general rate of inward drainage is balanced by the 
average rate of loss through evaporation, a lake is likely to exist. It will be a 
salt-water lake, because water is continually removed from it by evapora¬ 
tion while the salts contained in the inflowdng water, e.spccially the common 
salt, remain behind in solution and eventually reach concentrations that 
make some salt lakes more salty than the oceans. If the rate of evaporation 
generally is in excess of the rate of inflow^ temporary, or playa, lakes will 
result from occasional torrential inflow's of water. These are followed by 
l>eriods of excessive evaporation. The marshy beds of these ephemeral lakes 

^ The term hoUon, a Spanish word meaning a large pocket, was applied originally 
to mountain-rimmed basins of interior drainage. Its meaning is here extended to all 
basins of interior drainage in dry lands. 
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commonly are mud covered and are strongly charged with salt or soluble 
soil alkalies.^ When thoroughly dried they commonly are incrusted with 
salts and sometimes are glistening white in color (Fig. 207). In tliis class of 
deposits are not only those of common sjilt and other compounds of sodium 
and calcium, which are called alkali, but also some of economic value. 
Among the latter are the borax deposits of southwestern United States and 
the famous sodium nitrate deposits of northern Chile (703). 

The great salt lakes of the world lie, as may be expected, in basins of 
internal drainage, some of which are plains of great size. Noted salt lakes arc 
the Aral and Caspian Seas, which are surrounded by the ])lains of Kussian 
Turkistan; and Lake Eyre in southern Australia. T]u‘ latter usually is a 
dry salt plain and its level is, like that of the (Caspian, lower than sea level. 
Great Salt Lake and several other permanent salt lakes also are situated in 
basins of interior drainage but at such elevations above sea level that they 
may be considered in c*oniiection with j)lateaus. 

439. Features Resulting from Wind Erosion. The sparsity 
of vegetation in arid plains regions gives nnnsual scoj)c to the erosional 
activities of the wind (200). Some of the minor landforms show abun¬ 
dant evidence of the atirasive effect of wind-blown sand. W^ind abrasion 
aids differential weathering in the jirodiiction of curiously etched, 
rounded, or polished details of rock surface, some of them in fantastic 
.shapes. Of much more widespread importance' than this minor activity 
is the general process of deflation (370). Dust and sand are removed 
from all jiarts of the desert surface but perhaps most abundantly from 
the lower portions of interior drainage basins, where the material is 
generally finer. This process has the effect of deepening the basins 
which otherwise tend to be filled by alluvium. It is the only means by 
which earth may be removed from the desert basin. 

440. Deflation and the depo.sition of the products of deflatioii result 
in the formation of a number of significant dry-land features. Upon the 
margins of desert basins it is less effective in the removal of material because 
the material there usually is more coar.se and rocky. The surfaces of pedi¬ 
ments yield little that wind may transport, and the upper margins of fans 
are made up of the coarser stream-transported materials. Such fine material 
as exists or is provided by local weathering is quickly removed, leaving 
behind tlic fragments that are too heavy for wind removal. These remain 
until they cover the surface, forming what is called a desert pavement (Fig. 
208). In some regions the pebbles and fragments of the desert pavement arc 
covered by a thin coating of iron oxide and other chemicals which is polished 
by dust abrasion to a glossy surface called desert varnish. They color the 
plain with glistening yellow, brown, red, or even black. In those parts of a 

^ In America these features are called alkali flats. Similar features in other deserts 
are known by various names, such as shotts, vlocrs, vlei, and salt pans. 
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desert plain that are deeply covered with alluvium deflation removes tlie 
finer surface material leaving a gravelly desert pavement, underneath which 
is alluvial soil. Because of their deeper soils such areas hold more moisture 
than the rocky hamada and are likely to have a little more vegetation. Great 
expanses of flat, pebbly or gravelly, alluvial, desert plains of the kind just 
described are, in the Sahara Desert, calle<l reg. 

In the central portions of large desert basins of alluvial tilling the deposits 
are less coarse and inort' snbj(*ct to deflation. Dried and crumbled playa 
muds are unprotected by vt'getation and are easily removed. Under intense 
insolation dancing whirlwinds lift dust high into the air and not only trans¬ 
port it but may even remove much of it entirely from tlje basin to regions 
well beyond its borders. It is probable that the total thickness of surface 
material thus removed from the floor of the <lesert basin is great enough to 
be an important factor in maintaining the basin shape. 



IS not well founded. ]\ot many large desert areas are so much a 
fourth sand covered. However, there are many regions of sandy ( 
The abundant rock grains in them are deri\ ed (a) from the disin 
tioii of sandstone and other bedrock in the locality where the 
deposits are found or (6) from local accumulations of transj; 
fragments separated by wind sorting from both the finer an 
coarser products of rock weathering elsewhere. The finer weat 
particles, removed as dust, are whirled high into the atmos] 
carried entirely away, and deposited as loess far beyond the lin: 
the region. The coarser fragments remain behind as components 
desert pavement. The sand, however, is carried in the lower a 
phere, transported to considerable distances, and lodged in qua 
often in the form of sand ridges or sand dunes, on sites so she 
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as to have reduced wind velocities or in some other way to favor the 
accumulation of sand. 

442. The Features of Sand-ridge and Sand-dune Areas, Sand 
plains are of some extent in most deserts (Fig. 313). They cover great 
areas in Sahara and in parts of central and western Australia.^ In 
the latter region, under an average of about 10 in. of annual rainfall, the 
sand hills, according to Madigan,^ assume a striking form and pattern 
of arrangement and support a sparse dry-land vegetation. 

The peculiarity of the Australian sand hills is that they are arranged 
in parallel ridges which trend with the direction of the locally pre¬ 
vailing trade winds, generally southeast to northwest. The ridges 
average about 40 ft. high and are separated by long, stony, gravelly, 
or sandy flats from a few rods to several miles wide. These gigantic 
“washboard’’ corrugations are remarkably continuous, single ridges 
extending almost unbroken for scores or even hundreds of miles. They 
appear to be wind formed but are not now actively moving. Such move¬ 
ment as is now going on in them is lengthwise, sand slowly drifting 
from their windward ends toward the leew^ard. In central Nebraska 
also there is a large sand plain, but it has developed under subhumid 
climate and prairie vegetation, and its surface is characterized by 
areas of stagnant grass-covered dunes (Fig. 310). 

In the Sahara and other deserts of extreme aridity sand-hill or dune 
regions of great size and barrenness are encountered (371). They are 
comprised of dunes of fresh sand which are separated by pockets or 
hollows, some of which are of considerable size. The dunes, both large 
and small, usually present gentle slopes to the prevailing winds but 
fall off steeifly leeward (Fig. 209; sec also Fig. 224). High winds 

drift sand up their gentle wdndward slopes and over their crests, where 
the grains drop in the shelter of the leeward slopes. By this process the 
dune form is created and maintained, and the whole feature is caused 
to migrate .slowdy wdth the prevailing wind, yet the general migration 
must be very slow. Some Saharan dunes have been accurately observed 
for many years without any significant change in their jmsition being 
noted. In other regions observations have shown that some dunes 
move at rates up to 50 or 100 ft. per year. In any case the continuous 
abrasion of drifting sand, together with the great aridity, is sufficient 
to prevent vegetation’s making any active growth upon the dune 
surface. From the top of a conspicuous dune, which may be as much 

^ Talbot,, H. and Clarke, E. A Geological Reconnaissance of the Country between 
Larerton and the South Australian Border. Qenl, Surv. W. Australia, Bull. 15, 1917. 

* Madigan, C. T. The Australian Sand-ridge Deserts. Geog. Rev., VoL XXVI, No. 2, 
pp. 1986. 
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as 200 or 300 ft. high, those of smaller size present a view like that of a 
billowing sea. A large expanse of bare sand dunes and sand flats 
hundreds of square miles in area in the Sahara is called the erg by the 
desert inhabitants. 

443. Water Supplies in Dune Regions. Some large regions of desert 
sand dunes are difficult to traverse and have sparse human populations, if 
any, because of their rough surfaces, scant vegetation, and deficient water 
supplies. The great Libyan erg of eastern Sahara is reputed to be peculiarly 
devoid of both water and vegetation. Yet tliat is not true of all of them. 



Fig. 209. —The billowing, wind-rippled forms of sand dunes in the American desert. 
Note the mud floor and some vegetation in the depressions or pockets where water 
has stood. The distant hills in this view’ are low' mountains, not sand dunes, {Photograph 
by Ewing Galloivay.) 

Even light rains sink readily into the porous sand lulls, where the water is 
stored and yielded in favorable sites to springs or wells. In western Sahara 
some of the notable oases lie in the midst of great dune areas. Some of them 
are located in series on favored sites along old desert stream channels which 
have been overrun and largely buried by migrating dunes. In the buried 
channel sufficient water concentrates by seepage to supply irrigation to 
restricted basins among the dunes. In these still another class of oasis may 
be recognized, highly imjiortant locally but generally of small size and much 
less significant than the principal classes previously noted (402, 409, 437). 
Even where there is not sufficient water for irrigation, not all dune areas 
are devoid of vegetation. Within the pockets and basins among the dunes 
seepage of rainwater is sometimes able to provide the basin floors with 
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sufficient moisture for the growth of pasture. Sand-dune grazing areas of 
that kind arc found in the desert regions of all the continents, including 
those of the United States. 


Loess Plains 

444. The Features of Loess Plains. Some of the considerable 
plains of the world are loess mantled (371). Not all loess deposits are 
plains, because aeoliari dust comes to rest uj)on hill and valley alike 
and is found in regions of great relief as well as ui>oii lowlands. The 
thick loess mantle that covers the rough surface of northwestern 
(vhina has been much eroded also and in places is of extreme irregu¬ 
larity. Elsewhere are loess deposits tliat, if not so deep as those of 
China, are of equal or greater area. Some of these are found upon 
extensive plains, but they are not in themselves the cause of the plains. 
They merely cover and perhaps increase the levelness of plains due 
to other physiographic causes. 

445. The Nature and Distribution of Loess. The dust of 
which loess is composed is fine, but it is chemiailly undecomposed. 
Its character indicates accumulation by wind transportation over 
distances great enough so that coarse material is not included with it. 
Its unleached condition indicates also that the material is derived from 
sources in which mechanical rather than chemical weathering is 
predominant. Such sources are found in, and the loess deposits are 
believed to have been derived from the deflation of, (a) arid lands and 
(6) the bare drift deposits and abundant stream muds which were 
associated with the retreat of the former continental ice sheets. 

Loess deposits are deepest and most widely distributed in regions 
of steppe environment because, generally, those regions border the 
deserts, and because there the soil is sufficiently moist to support a 
grass cover so that the loess, once deposited, is not easily removed 
again by the wind. In central United States and central Europe the 
principal loess deposits arc believed to have been derived, at least in 
large part, from the muds of the fresh drift and the drainage ways 
associated with the wastage of the former continental glaciers. Loess 
of that origin is found well beyond the borders of the steppe regions 
and even to some extent in regions of humid climate and forest vegeta¬ 
tion. The internal structure of loess is unstratified, highly porous, and 
characterized by fine vertical tubes which probably are related to the 
existence of former plant roots. Owing to its structure it has thc^ 
property of standing in vertical faces when cut through by streams 
or roadways, even though the material is so soft as to crumble to dust 
when pressed between the fingers (Fig. 210). Unweathered minerals, 
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porous structure, fine texture, and high water-holding capacity help to 
explain the reputation for high fertility held by loessial soils, 

446. The Great Loess Peains. Because loess plains underlie some of 
the most productive agricultural regions of the world, attention may here 
be directed to the situations and characteristics of several of them. 

Ncfrth China. The large loessial component in the material of the delta 
plain of North China has been noted (401). Although this plain is composed 
largely of river sediment much of it is of loessial origin. Either it is loess 
derived by stream erosion from the hill country to the west, or it was 
deposited by the wind on the delta surface and subsequently reworked by 
the shifting delta streams. Although such materials are not loess in the 
usual meaning of the word, true loess is believed to be a large component 
in the soils of all North China and as far beyond as the plains of Manchuria. 



Fig. 210.—A recent road-cut through a loess hill m the prairie region of eastern Nebraska. 

North America. Loess is likewise an important surface component over 
a large area in interior United States. It is particularly abundant in associa¬ 
tion with parts of the older drift, especially the western margin of the area 
of older glaciation and the drainage ways leading from it (430). Ther% the 
raw glacial deposits appear to have been subject to deflation for thousands 
of years under semiarid climatic conditions. In a few places only are the 
deposits so deep, so unchanged by weathering or stream work, so continu¬ 
ous, or so extensive as to constitute what properly may be called loess plains. 
The deepest accumulations are found in the plain that includes southern 
and eastern Nebraska and about the western one-fifth of Iowa (Fig. 211). 
There the loess in many places reaches a thickness of from 60 to 100 ft. 
Since the Missouri River valley traverses this region there are numerous 
exposures of eroded vertical loess walls along its bluffs, as, for example, at 
Council Bluffs, Iowa. The border zone, which has been dissected by small 
streams tributary to the Missouri, also has valleys of a peculiarly abrupt 
and steep-walled type. The loess-mantled uplands are of undulating surface. 
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Other deep and extensive accumulations of loesslike earth cover much of 
eastern Iowa, adjacent parts of Wisconsin, central Illinois, and extend down 
the eastern bluffs of the Mississippi River. These generally are less deep than 
those of the Missouri River region, but locally they attain great thickness 



(Fig. ^12). Still another notable deposit of loess occupies a part of the rolling 
plateau of eastern Washington and Oregon, wliere it buries the lava surface. 

Dust storms are not unfamiliar phencmena even now in the Higli Plains 
and Mississippi Basin. The great dust storms of recent years have been made 
worse by periods of drought, and the material carried by them lias accumu- 



Fig. 212.—An old road-cut through the wooded loess bluffs of the Mississippi River near 

Natchez, Miss. 

lated locally in large quantities. Some dust is carried to great distances, 
however. Observation of some storms has shown that they distribute dust 
in appreciable quantity as far eastward as New England. In one storm the 
quantity deposited at Madison, Wis., was estimated at about 25 tons per 
square mile.^ It is probable that there is at least a small admixture of loessial 

^ Winchell, A. N., and Miller, E. R. The Great Dustiall of March 19, 1920. Am. 
Joum, Sd,t Vol. 3, pp. 349-304, 1922, 
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material in the surface regolith of most of eastern North America, southern 
Europe, and other parts of the world. 

Europe, Associated witJi the region of older glaciation in central Europe 
also are considerable deposits of loess or loams of high loess content. They 
occur over a long belt which extends from central Germany eastward 
through soutliern Poland into liussia, where loess is a significant element 
ill the fertile “chernozem"’ soil, as it is in Nebraska and Argentina (626, 
Fig. 213). 

Argenttna. The Pampa of Argentina also is characterized by large 
areas of loess. In part tliey are aeolian loess, and in part they have been 


THE PRINCIPAL LOESS DEPOSITS OP CENTRAL EUROPE 



Fig. 213. —The principal 1 (h‘8s region of Europe is closely associated with the margin of 
the older glacial drift, (cf. Fig. 198.) {After Paul Woldatedt, l)a,s Elszv it alter.) 

disturbed by streams, are interbedded between stream-deposited sands and 
clays of older alluvium, and are, therefore, like some of the deposits of North 
China, not true loess (401). In western Buenos Aires province the Iwss and 
loessial alluvium reach a total thickness of oO to 100 ft. and in a few places 
as much as dOO ft.^ These deposits are believed to have been removed by 
deflation from the arid belt near the Andes where extensive accumulations 
of rubble, gravel, and sand remain. The region of greatest loess accumula¬ 
tion has, like that of Nebraska, a subliumid climate. 

^ Stappenbeck, 11. Op, cit,, pp. 382-409. 





Chapter XVIII. The Shore Features 

of Plains 


447. The Significance of Shore Features. The line at which 
the sea meets the land is a line of transformation. On its two sides are 
different sc(‘nes, different uses, and different means of communication. 
At that line the flow^ of trade from land to land by way of the sea must 
be handled for its ocean voyage. That process is in some places much 
aided, and in others distinctly handicappc^d, by the shape of the shore 
outline, the nature of the land features and depths of water associated 
with it. The habor and freight-handling problems of a regular, or 
smooth, shore outline are different from those of one that has deep 
embayments or other features of a coin[)lex irn‘gnlarity. The problems 
and profiles of shores which are flanked by mountainous highlands are 
different from those which open upon gently sloi)ing plains. Because 
of the differences noted it will be found convenient to consider here, 
and at comparative length, the essential characteristics of the shores 
of lowland regions. Thus there will be reserved for later and britjfer 
comment such modifications of the general features of coastal outline 
and profile as are.found in association with plateaus, hill lands, and 
mountains. 

448. Conditions Affecting Shore Outlines. The positions and 
shapes of shorelines are not unchangeable. On the contrary, several 
agents and processes work separately or together to bring about their 
constant reshaping and development. Among the more important of 
the conditions involved are the following: (a) changes in the relative 
elevation of land and sea, (b) changes resulting from wave erosion, 
(c) changes resulting from wave deposition, (rf) changes resulting from 
land deposits, and (e) changes brought about through the work of 
corals and other organic agencies. Shoreline changes of the greatest 
extent would obviously result from any displacement of the land sur¬ 
face with respect to sea level. For example, if the land on a gently 
sloping plain, extending seaward as a broad continental shelf, were 
elevated only a few feet by diastrophic change or if there were a 

887 
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correspondingly slight lowering of the sea level by the withdrawal of 
water from the sea and its retention in great continental ice sheets, a 
large area of the shallow sea bottom would be exposed. The shoreline, 
under these circumstances, would migrate slowly seaward and occupy 
a new position on the flat sea bottom. Such a shoreline would be 
characterized by regularity and lack of minor iiideniations. l^indward 
from this shoreline there would be a plain of low relief having only 
such features as were made by wave erosion and deposition during the 
emergence and by the land-derived drainage that had to cross it (367). 
Seaward one would expect to find very shallow water resting upon a 
gently inclined sea bottom. Such a simple initial shoreline of emergence 
probably would not renmin long unchanged. Waves and currents, by 
their gradational work, presently would add features that would com¬ 
plicate its outline, and it may be doubted whether there are in existence 
any extensive examples of the simple shoreline of emergence. 

449. Shorelines of Suhmergenc e and Their Features. Broad 
diastrophic changes resulting in the depression of a coastal plain would 
permit a landward encroachment of the sea and would establish a new 
shoreline upon what was previously the land surface. Such changes are 
known to have occurred, and they produce shore features whose out¬ 
lines are not readily erased by the gradational work of waves or 
streams. The same result clearly would follow a general rise in the 
level of the oceans, and it may be that such a rise did occur at the close 
of the glacial period as a result of the return to the oceans of vast 
quantities of water which had long been held on the lands in the great 
mafsses of glacial ice. Changes of the kind indicated wmuld result in a 
submergence of the coastal slopes of the land. Under those conditions 
the horizontal surface of the sea must intersect with the eroded surface 
of the land, and the shoreline would assume a position which is that of 
a contour line upon the former land surface (Fig. 11). The measure 
of its irregularity would be determined by the slope of the land surface 
and the degree of its previous erosional dissection. 

The slow inundation of low coasts results first in the formation of 
shorelines of great irregularity. The relief features of an eroded plain, 
such as a coastal plain, usually are low but broad. Wide, shallow valleys 
are separated by broad, low interfluves (Fig. 140), Valleys of that kind 
have such low gradients that even a slight inundation permits the sea 
to enter them for some distance, causing bays. The interstream areas, 
at the same time, remain only partly submerged and appear as irregular 
peninsulas or as islands. Some such bays are highly irregular in outline. 
If the valleys were eroded in horizontal sedimentary or in massive rocks 
they normally are dendritic in pattern, and the bays that occupy them 
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assume the branching forms of the valleys. Others are of simple out¬ 
line, especially such as occupy glacially scoured troughs or depressions 
caused by faults transverse to the shoreline. Embayments resulting 
from submergence are called “drowned valleys’* or estuaries, and 
shorelines characterized by them are called ria shorelines (Fig. 214!A). 

450. Ria Shorelines. Examples of ria shorelines and estuarine 
rivers upon coastal lowlands are numerous. Most of the eastern shore 
of North America is characterized by embayments of that class. Some 



Fig. 214.—Diagrams illustrating stages in the development of a shoreline of sub¬ 
mergence; {A) erosion of the headlands begun and beaches, spits, and hooks are forming; 
(B) depositional features extensive, shoreline retreating; (C) shoreline worn well back 
and all features approaching old-age stage. 

of the individual estuaries, Chesapeake Bay, for example, are of the 
dendritic type (Fig. 215). Others, like Delaware Bay and the lower 
Hudson and St. Lawrence Rivers, are simple in outline. 

The shorelines of northern New England and eastern Canada are 
of great irregularity, owing to the submergence of plains of ancient 
crystalline and sedimentary rocks of complicated structures and 
varying degrees of resistance to erosion. Some of the narrow bays are 
in part the result of faulting in the rocks of the coastal zone. However, 
the present shorelines are not merely those of stream erosion and sub¬ 
mergence but have also many details of outline and profile given them 
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by ice scour during the period of their complete coverage by the conti¬ 
nental glaciers. Although the features of submergence have been some¬ 
what modified by wave and current action, some sections retain the 

high degree of irregularity of their 
youthful state. Such a shoreline is 
well illustrated by Casco Bay, 
IVIaine, which, according to W. D. 
Johnson, is a ria shoreline only 
slightly modified by glacial scour 
(Figs. 216, 217). 

451. The Utility of Ria 
Shorelines. In its youthful stage 
of development the ria shoreline has 
numerous estuaries together with 
certain deposited features, and it is 
one of great irregularity, with an 
abundance of sheltered water. Pro¬ 
vided its bays are sufficiently deep, 
and many of them are, this kind 
of shoreline is one of numerous 
harbors and of great commercial i)ossibilities. This is shown by the 
great use made of the Chesapeake, Delaware, New York, and other 
estuarine bays of eastern North America. The same is true of western 
Europe. The estuaries of the Rivers Mersey, Thames, Elbe, Weser, 



Fio. 216.—The ria shoreline of Casco Bay has many islands, rocky peninsulas, and 

narrow inlets. 

Seine, and Gironde have been capable of such great commercial use 
because submergence has deepened their waters, making possible the 
establishment of ocean ports at considerable distances from their 
mouths. The larger estuaries in the coastal plains of other continents 
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serve in like manner, including that of the Rio de la Plata, which is 
the approach to Montevideo and Buenos Aires. 

452. Shoreline Features Resulting from Marine Erosion. 
A newly established shoreline is subject to attack and modification 
by wave and current erosion. The attack is most effective upon those 
parts of the shoreline that are most exposed to the great waves of the 
open sea, especially the ends of projecting headlands. It is least effec¬ 
tive in narrow or well-enclosed bays where waves of great size and force 
cannot reach. The effect of erosion upon the projections of exposed 
shorelines is to cut them back slowly and eventually to remove them, 
thus straightening the shoreline (Fig. 214.4, R, C). On exposed coasts 
of easily eroded rock the rate of cutting is sufficiently rapid so that 
whole shorelines are known to be retreating landward at measurable 
rates. The shoreline of one part of England, for example, is known to 



Fig. 217.— A view to seaward from the landward end of one of the long arms of ('asco 

Hay, Maine, at low' tide. 

have been cut back as much as 2 miles since the time of the Roman 
conquest. Shorelines of resistant rock retreat much more slowly. 

During the erosional process certain characteristic shore features 
appear. Wave erosion is most effective near average sea level and cuts 
a notch in the shore profile there. This it enlarges by undercutting 
and, on strongly eroding shores, produces steep cliffs and bold head¬ 
lands. The erosion of cliffs in unconsolidated material or weak rock 
is likely to proceed with comparative evenness, but, in resistant rocks, 
inequalities in rock hardness or the presence of joints and other lines 
of weakness sometimes cause it to proceed unequally. Some of the 
results of differential erosion are the formation of eroded coves, de¬ 
tached chimneylike pinnacles of rock, and half-submerged projections 
upon the sea floor (Fig. 218). 

As the sea cliff retreats landward under erosion, it leaves behind 
an eroded base which inclines gently seaward a little below sea level. 
It is called a vxweH^iU terrace. Some shorelines ^re bordered by marine 
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terraces of that origin many hundreds or even several thousands of 
feet wide (Fig. 219). The shallowness of the water, especially on the 
newer landward margins of these features, and the presence of sub¬ 
merged rock projections cause them to be a menace to navigation. 

453. Shoreline Features Resulting from Marine Deposition. 
Onshore Features. The rock debris provided by wave and current 



Fig. 218 . —The features of a wave-cut cliff on the exposed coast of ('ornwall, England. 
{Photograph by Burton Holmes, from Evnng Galloway.) 


erosion, together w^ith that derived from streams, is distributed in 
several characteristic forms along shorelines, and, being added to the 
land, it greatly affects the shape and utility of the shore outline. 
On the more steeply sloping shores bordering sea cliffs, large quantities 
are moved offshore and are deposited beyond the margin of the wave- 
cut terrace in a form which may be called wave-built terrace. Material 
so deposited is of interest in its relation to the formation of sedimentary 



Pig. 219.—A profile to show the association of features on an eroding shoreline. 


rocks, but it is deeply submerged and affects the shore outline but 
little. Of much greater present importance are the deposits that 
accumulate in the shallow shore waters and assume shapes and posi¬ 
tions that greatly affect the appearance and use of the shoreline. 

In the early stages of the erosional development of the shoreline 
of a coastal plain sediiftent is carried by waves and currents into the 
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protected waters of coves and bays, where it accumulates as beaches 
of sand or pebbles. Locally these fill irregular bay heads, but their 
fronts are smoothly curved by wave and current action, and the 
deposits assume shapes that give rise to the name crescent beaches. 
As the headlands are cut back, the abundant debris accumulates 
in the shore waters and forms beaches even in front of the eroding 
shores. This material is subject to continuous removal and redeposi¬ 
tion. With the aid of shore currents and undertow it is shifted along¬ 
shore until it comes to an angle in the shoreline or to the deeper water 
of a bay, where it is built up on the bottom in ridge form. These sub¬ 
merged ridges are added to until they grow above the water surface 
and project seaward or into the bays as points of sand or gravel which 
are called spits. In the mouth of a broad bay the shoreward movement 
of waves and currents past the projecting point of a spit may cause it 
to grow with a shoreward curve, when it is called a recurved spit or 
“hook.'’ Such features are exemplified in the sha])es of Sandy Hook, 
at the entrance of New York Bay, and the curved tip of Cape Cod. 
In a narrow or shallow bay su(‘h a deposit may grow entirely across 
the entrance, forming a baif bar. By deposits of similar nature adjacent 
islands may be connected with the shore (Fig. 21 LI). * 

Offshore Features. Shores having low relief and very shallow 
waters are characterized by wave-deposited features of another type. 
Along such shorelines the erosional work of the waves is weak because 
great waves begin to drag on the shallow bottom, change form, topple, 
and break at distances of hundreds or even thousands of feet out 
from the shoreline (369). In doing so they wash forward loose bottom 
material, only to drop it just landward of the line of breakers and build 
there a submarine ridge nearly parallel to the shoreline. As this 
feature grows in height it appears first above sea level as a series of 
narrow islands (Fig. 220/1). Further deposition by waves and the 
drift of longshore currents fills gaps between some of the islands 
and connects them. This forms a long low bar that is called an offshore 
bar (Fig. 220i?). Between offshore bars and their mainland shorelines 
are long shallow lagoons. Drainage from the land discharges into the 
lagoon and seeks an outlet through the bar, and in the lagoon the water 
level rises and falls periodically with the tide, which flows in and out 
through gaps, or tidal inlets, between sections of tlie bar. This tends 
to keep some of the gaps scoured open. 

An offshore bar does not extend indefinitely parallel to the main¬ 
land shore with complete separation from it by a lagoon. Rather it 
touches the mainland at intervals, especially at projecting points, 
thus interrupting the continuity of the lagoon. For that reason the 
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formation of a bar, broken by inlets, and of segmented lagoons tends 
to complicate a previously simple shoreline and greatly to lengthen it. 
It might appear that the many inlets, bays, and islands thus formed 
would afford protection to shipping and greatly increase the commercial 
utility of such a shoreline. To some extent they do so, especially for 
small craft. Canals dredged through the lagoons, connecting one with 



Ftg. 220. — Diagrams illustrating stages in the development of an offshore bar on a 
shore of low relief and shallow water. (.4) The beginning of a submarine ridge by wave 
deposition near the line of breakers; (/f) the growth of an offshore bar flanked by lagoons; 
(C) under wave jxnmding the bar migrates .shoreward and the lagoons narrow, fill, or 
disappejir. 

another, afford long protected routes for light coastwise traffic. It is 
to be noted, however, that, owing to the nature of the shore, storms 
are likely to produce very rough water outside the bar, and the ap¬ 
proaches to the inlets are shallow, as are the lagoons and channels 
behind thorn. Many ships are grounded and lost on shores of this 
kind, and they are hardly less dangerous than rocky shores or marine 
erosion. 

The formation of an offshore bar is followed by its slow migration 
landward and its eventual disappearance. Waves erode material from 
the bottom in front of the bar, thus deepening the water there, per¬ 
mitting them to attack and cut the front of the bar itself. This material 
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is thrown up on the bar shore and is shaped into sand dunes or is 
wind-drifted back toward the lagoon, widening the bar at the rear 
as it is cut away in front. This process narrows the lagoon, and river 
sediment does its part also by aggrading that shallow body of water. 
After partial filling by sand and silt 
the lagoon acquires a fringing salt¬ 
water vegetation and, at low tide, 
may be only an expanse of featureless 
marshland. Eventually the shoreward 
migration of the bar carries it to the 
mainland, the lagoon disappears, and 
the bar becomes merely a beach upon 
a shore of simple outline (Fig. 2^0r). 

The time required for a transforma¬ 
tion of the type described is long, but 
the shallow coastal waters of the world 
show numerous examples of offshore 
bars and lagoons in various stages of 
progress from youth to old age and 
extinction. 

454. Examples of Low Coasts 
AND IhiEiH Shoreline Features. 

Among the numerous examples of 
low coasts with shallow water offshore 
the Gulf and South Atlantic (x)asts 
of the United States are outstanding. 

Except where the Mississippi Kiver 
Delta intervenes, they show generally 
the estuarine features resulting from 
submergence and numerous offshore 
bars which indicate shallow coastal 
waters. Padre and Matagorda Islands, 
on the Texas Coast, are offshore bars, 
and behind them are extensive lagoons 
and broad shallow estuarine bays. Fig. 221.—The offshore bars 
Indian River, on the east coast of 
Florida, is a long narrow lagoon. Be¬ 
yond it lies an offshore bar which extends coastwise for more than 
100 miles, interrupted only by narrow tidal inlets. This association 
of bar and lagoon broadens northward into the complicated, current- 
built, dune-covered projection of Cape Canaveral (Fig. 221). The 
Carolina shoreline shows similar features (Fig. 222). The long bars 
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developed there are made up of segments that meet at sharp angles. 
These appear to result from the influence of various shore currents. 
They enclose not only lagoons but such broad bodies of water as 
Pamlico, Albemarle, and Carrituck Sounds, which are in part estuarine. 

The bars on the New Jersey shore, on the 
other hand, are nearly straight, and they 
enclose only narrow lagoons. Similar features 
are found on many other lowland coasts. 
The North Sea Coast from Netherlands to 
Denmark is fringed by the long chain of the 
Frisian Islands, which are separated from the 
mainland by narrow lagoons. The large lakes 
on the coast of eastern (Germany are cut off 
from the Baltic by long curving bars that 
appear to be intermediate in nature and 
manner of formation between bay bars and 
offshore bars (Fig. 

455. Shorseline Featuhes Resulting 
FROM Land Deposits. Portions of certain 
shorelines are characterized not so much by the deposits of waves and 
currents as by those of rivers, glaciers, and the wind. Among these are 
the shorelines of the great deltas and delta fans of the world and of innu¬ 
merable smaller ones. Usually these features j)resent broadly convex 



Fig. 222.—Cuspate fore¬ 
lands or wave-modified off¬ 
shore bars on the Carolina 
Coast. 



Fig. 223. —The Haffs or lagoons and their enclosing Nebnmgs on the Baltic Coast of 

Germany. 


fronts to the sea, and their simple outlines are sometimes interrupted by the 
fingerlike projections of distributary levees. 

Glacial deposits likewise modify the details of shorelines in some locali¬ 
ties. For example, the great embayment which includes New York harbor is 
estuarine, but the shoreline features of the I^ng Island Sound portion of it 
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result from the submergence of the irregular deposits of a till plain, while the 
more regular south shore of Long Island is the submerged margin of a great 
glacial out wash plain. The projecting base of Cape Cod is a partially sub¬ 
merged marginal moraine, while the complicated shoreline of Boston Bay is a 
submerged till plain in which isolated drumlins create several of the adjacent 
islands. In Antarctica and parts of Greenland and Alaska portions of the 
shorelines are created by glacial ice itself. 

Wind-blown sand is in many places an accompaniment of shoreline 
development, although it does not often modify the shore outline notably. 
As soon as beach sands begin to be thrown up by the waves they are readily 
dried and are then slowly moved by the wind and collect in the form of dunes. 
On low shores with abundant sand and onshore winds, the dunes may be 
closely spaced and of considerable size. In profile they are like those of the 



desert (44^2), and they move in similar manner. They may migrate some 
thousands of feet or even a very few^ miles; but generally they move inland, 
and in humid climates they tend to l)ecome stagnant and overgrown with 
vegetation before they have traveled far (Fig. 224). Considerable areas of 
dune sand are found along the shores of Cape Cod, parts of New^ Jersey, 
Virginia, and other sections of the east-facing coast of the United States. 
In general, these are not so large in area and do not move so far inland as the 
dunes of the low west-facing coasts of southw^estern France, Belgium, 
Netherlands, and Denmark. There it has been necessary to go to great 
expense in attempting to plant vegetation upon drifting sand or in other 
ways to prevent dune encroachment upon highly valuable land or other 
property. In the United States there are otlier dune areas, as at various 
places on the shores of the Pacific Ocean and on the eastern shore of Lake 
Michigan. 

456. Coral-reef Shorelines. The shallow waters of many tropical 
coasts are characterized by reefs of limestone comprised of the crumbled 
skeletal structures of minute marine animals called corals. Under certain 
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conditions corals grow abundantly in shallow waters some distance from a 
shore, and their deposits form a harrier reef which is separated from the 
mainland by a broad lagoon. Of this nature is the great reef which for 1,000 
miles parallels the northeast coast of Australia. Otlier coral reefs form about 
islands. Some small reef-encircled islands, perhaps volcanic, seem to have 

undergone slow submergence 
while the coral fringe about 
them has continued to grow. 
Such encircling reefs now ap¬ 
pear at the surface as lows and 
more or less complete, coral 
rings, called atolls, which en¬ 
close circular lagoons (Fig. 

Fringing reefs grow with 
siicli rapidity in some clear, 
shallow, warm waters as to 
l)ush a shoreline seaw^ard in 
spit(‘ of wave and current 
erosion. 

The shoreline of parts of 
Cuba is an interesting illustra¬ 
tion of the effects of coral 
growth combined with sub¬ 
mergence. Old fringing reefs 
of hard coral ui>on a shore of 
softer limestones w^ere ele¬ 
vated and stream eroded. The 
streams cut fairly wide valleys 
in the soft rocks back from 
the shore but only notches 
through the hard coral rim.^ 
A later partial submergence has drowned the river valleys, creating many 
commodious bays each having a narrow entrance. Cuba has many of these 
“bottle-neck’' Harbors (Fig, 2^6). 

Shorelines and Ocean Tides 

457 . Tides Affect the Features and Uses of Shorelines. 
The commercial utility of shorelines is much affected by the depth of 
their waters as well as by their outlines. The shallow waters and regular 
shorelines of emerged plains coasts do not favor commercial develop¬ 
ment, while the estuaries and bays of submerging coasts offer unusual 
facilities for that use. However, the appearance and use of shorelines 

^ Vaughan, T. W., and Spencer, A. C. The Geography of Cuba. BidL Amer, Geog. 
Soc„ Vol. 34, p, 116, 190«, 



Fig. 225. —Diagrams to illustrate the devdop- 
ment of atolls. (A) Fringing coral reefs about 
islands; (B) growing coral deposits keep pace with 
submerging islands; (C) atolls fringed with growing 
corals replace the mountainous islands. 
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of either class are somewhat modified by the occurrence of tides. By 
their periodic rise and fall, tides alternately deepen and shallow the 
shore waters, thereby causing difficulties in harbor construction and 
the movement of commerce. Tidal currents scour channels and keep 
open some that otherwise might quickly be choked with sediment, 
but they also create problems of navigation for those who use the 
channels. 

458. The Natuke of Tides. The tides arc broad but very low bulges 
of the sea wliich result from the gravitional relation of the earth to the 



Fig. 226.—A series of pouch-shaped or “bottle-neck” bays in Cuba, and, below, details 
of outline for that one upon the shores of which the city of Habana is situated. 

moon and the sun. Without the involved explanation of the cause of tides 
being attempted, the following facts regarding them may be accepted: If 
there were no continents, and if deep oceans covered the entire earth, the 
moon and the sun each wouhl cause two tidal bulges. The two caused by the 
moon always would be exactly on opposite sides of the earth from each other 
(Fig. 227). Their positions would be unchanging with respect to a line ex¬ 
tending from the moon through the center of the earth, but they would 
advance westward across the oceans, because the earth rotates eastward. A 
given place on the earth would thus, during the time of one daily rotation, 
pass through each of the two limar tidal bulges and each of the intervening 
lows. It should, therefore, have two periods of high tide and two of low tide 
during each 24 hr. However, the moon advances in its 28-day orbit about the 
earth at a rate that would delay the tidal recurrence somewhat, and the 
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true period between sucxiessive high tides would, therefore, be approxi¬ 
mately 12 hr., 25 min., rather than 12 hr. 

The two tides caused by the sun also would be on opposite sides of the 
earth from each other and would have a relation to the sun like that of the 
lunar tides to the moon, but they are less than one-half as high as those 
caused by the moon. At times of new moon and of full moon the earth, moon, 
and sun are nearly in line, the lunar tides and the solar tides occur in the 
same places, and the height of the solar tides is added to that of those caused 



Fig. 227. “A diagram lo illustrate the relation of the moon in its different phases and 
of the sun to the occurrenc<‘ of o(‘ean tides. 


by the moon. This causes tlie high tides of tliose ptTiods to be unusually 
liigh and the intervening low tides of the same periods to be unusually low. 
They are tlie period.s of sjrring fide, which recur every two weeks. When 
the moon is at its first and third quarters the eartli-smi line is nearly at 
right angles with the earth-moon line. Tlie solar tides then fall between, 
and detract from, the lunar tides. That causes the difference between low 



tidal rise and fall at New York during a 48-hr. 
period in 1920. {After H, A, Marmer.) 


and high tide at that time to be 
less pronounced than usual. 
They are the periods of neap tide, 
which also recur every two 
weeks. 

459. The Occurrence of 
Tides. Although, under ideal 
conditions, equal high tides 
should succeed each other at 
intervals of 12 hr., 25 min., that 
is not the actual condition in 


many places. Owing to the trends and outlines of different coasts, the 
depth of coastal waters, the shapes and sizes of the several oceans, 
and other causes, there is a considerable variation in the height of suc¬ 
cessive tides at any given station and in the intervals between them. 


In general, the tides of the Atlantic Ocean conform most nearly to the 
ideal type. This may be illustrated by a curve showing the actual 
rise and fall of the tide at New York (Pig. 228). On some shores, 
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notably parts of southern Asia and the Caribbean and Gulf shores of 
America, there is but one high tide per day.^ The shores of the Pacific 
Ocean generally are characterized by what may be called mixed tides. 
In them each alternate high tide is much lower than the preceding one. 
This condition may be illus¬ 
trated by a curve showing the ^ 
actual tidal rise and fall at 
Honolulu (Fig. 229). 

460. Tidal Range. Not 

only do the tides of various , 

places differ considerably as type at 

to time of their rise and lall, Honolulu. The period is the same as that in 
but they differ even more 

greatly as to amount of rise and fall. The average difference in water 
level betw(‘en low and high tide at any pla(‘e is called its tidal range. 
Fn the open ocean it is so slight as not to be noticeable. As the tidal 
bulges, or waves, approach coasts, however, they tend, like other 
waves, to incrt'ase in height. The amount of the increase is determined 
by a number of factors. The tides of nearly enclosed bodies of water, 
such as the Mediterranean and Baltic Seas, are so slight as to be 
negligible. In shelt(‘red waters, such as the Gulf of Mexico and the 
Caribbean Sea, the range is small, usually less than 2 ft. Common 
tidal ranges on exposed coasts are between 5 and 10 ft., though in some 
places less and in others more. In a few localities, some of them the 
sites of important commercial ports, the tidal range is so great that 
it is a distinct handicap to the use of the shore. Some harbors, notably 
Liverpool, England, have required expensive improvements to offset 
the disadvantages of the continuous rise and fall of the water level 
while ships are loading and unloading cargo at the wharves. Places of 
great tidal range mainly are situated upon funnel-shaped bays or 
estuaries, where the tide wave tends to pile up as it moves landward. 
Cherbourg, JVance, has an average tidal range of 17 ft., and Liverpool 
has a range of 29 ft. The head of the Bay of Fundy, N. S., has 42 ft. 
and, at time of spring tide, sometimes as much as 50 ft. of extreme 
tidal range. Even in the rivers and harbors tributary to the Bay of 
Fundy ships are temporarily stranded at low tide only to be afloat 
again a few hours later when the tide sets landward. 

^ Bauer, H. A. A World Map of the Tides. Geog. Rev.^ Vol. 23, pp. 259-270, 1933. 






Chapter XIX. Plateaus 


461. The Distincutibihnc; P^eattres of Plateaus. Plateaus 
may not always he distinguished easily from the other major physio¬ 
graphic subdivisions of the land. In general, they are characterized 
by broad uplands of considerable eh^valion above sea h^vel. Some parts 
of plateau surfaces an* likely to be traversed by dt‘eply cut and rela¬ 
tively narrow stream valleys which give them, as a class, a high degree 
of relief. But the deep narrow valleys characteristically are so widely 
spaced that only a small part of th(‘ entire plateau surface is dissected 
into steep slopes. The ideal jdateaii is, therefore, liigh and deeply 
trenclu‘d by narrow vall(*ys, and its interstream areas are broad and 
flat topped. It is the perfect example of the youthful stage in the cycle 
of erosion. 

However, few plateaus are ideal in form. High and much dissected 
plateaus, on the one hand, grade into hill lands and mountains, while 
low and little dissected plateaus, on the other, grade into jdains. The 
only features by which plateaus may conveniently be distinguished 
from plains arc their relative degree of local relief and their abrupt 
termination. Tabular uplands having a relief of more than 500 ft, 
may be arbitrarily defined, as plateaus. In addition, some plateaus are 
situated so that they terminate in escarpments which make them 
appear high from at least one side. Most of the great plateaus of the 
earth have an average elevation of at least 2,000 ft. above sea level. 
That, however, is not particularly distinctive, since some plains are 
higher. The High Plains of the United States reach an altitude of 
more than 5,000 ft. but usually are thought of as plains, because, 
except in their southern portion, they join the interior plain of the 
continent without the interruption of any high escarpment. 

462. Plateaus Classed According to Their Physiographic 
Relationships. The great plateaus of the earth, shown in Plate VII, 
are of three major types, when classed according to their physiographic 
relationships: (<i) interrnontane plateaus, (b) piedmont plateaus, 
and (c) continental plateaus, or tablelands. 

4U2 
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463. Intermoniane plateaus are segments of the earth’s crust 
uplifted in association with mountains and more or less nearly sur¬ 
rounded by them. The highest and some of the most extensive plateaus 
are intermontane in situation. The plateau of Tibet is an eastward- 
sloping highland much of the surface of which lies at elevations between 
10,000 and 15,000 ft. above sea level. On the south of it rise the great 
heiglits of The Himalayas, and on the north are those of the Kunlun. 
Eastward and westward are mountain borders also, and surplus 
drainage escapes from the high-rimmed plateau only through deeply 
cut valleys and gorges which notch the mountain margins. The 
Altiplanc, or high plateau of the Andes, lies between eastern and 
western ranges of the mountains, also at elevations between 10,000 
and 15,000 ft. These are the highest of the great intermontane plateaus, 
but others of similar situation are found at lower elevations. Among 
them are the dry plateaus of Mongolia and the Tarim Basin, in Asia; 
the plateau of Mexico; and, in the United States, a large part of the 
Great Basin and the Columbia Plateau. 

464. Piedmont plateaus lie between mountains and bordering plains 
or the seas. Of small piedmont plateaus there are many, but large ones 
are few. One illustration is found in the plateau of Patagonia. Andean 
streams have cut it into roughly parallel blocks somewhat like those 
of the High Plains of the United States. However, instead of grading 
into plains the Patagonian Plateau terminates near the Atlantic in an 
escarpment 300 to 600 ft. high. The Colorado Plateaus of the United 
States are, in a sense, piedmont also. They are bordered on the north 
and east by the high ranges of the Wasatch, Uinta, Rocky, and San 
Juan Mountains. On the west and south they stand above the adjacent 
basins in escarpments which are from a few hundreds to as much as 
5,000 ft. in height. 

465. Continental plateaus^ or tablelands^ rise with some abruptness 
from bordering lowlands or from the sea on most or all of their margins 
and, in general, do not have conspicuous mountain rims. Some table¬ 
lands are small and flat, being merely sections or detached portions 
of larger plateau surfaces. Others, however, are of great area and have 
highly complex surface features. Much of Africa, Arabia, and Spain, 
parts of Australia and peninsular India, and ice-covered Greenland and 
Antarctica are great tablelands. So much of Africa is tableland that 
it is sometimes called a continental plateau. The tableland is notably 
higher in the southern and eastern parts of the continent than in the 
central and northern sections. The surface of the southern plateau 
averages nearly 3,000 ft. in elevation above sea level, and in places it 
exceeds 5,000 ft. The Congo Basin and the Saharan tablelands average 
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only about 1,000 ft. in elevation, but, in several places at least, that 
general elevation is maintained to within short distances of the coast, 
and the coastal slope is comparatively steep. 

Tablelands in general arc areas of relatively recent crustal elevation, 
and such as have shorelines commonly show regular outlines. In propor¬ 
tion to its great area, Africa has a short shoreline because of its sim¬ 
plicity of outline. For the same reason, it is a coast poorly provided 
with natural harbors for commercial ports, except in a few places. 

460. The Continental Plateau of Africa, The tableland character of 
Africa is clearly shown by the gradients of its major streams. Arising in 
interior uplands, each of the great African rivers, the Nile, Zambezi, 
Limpopo, Orange, Congo, and Niger, has a middle course of relatively gentle 
gradient after which it plunges over the plateau escarpment in falls or 
rapids which make it unnavigable. The fall of the Nile is distributed among 
its six famous cataracts which are separated from each other by distances of 
from 150 to ^00 miles. The Congo, near its mouth, descends nearly 1,000 ft. 
from the plateau surface over a stretch of wild rapids. The Zambezi River 
leaves the plateau by means of Victoria Falls, which are half as wide and 
twice as high as Niagara. It then descends through a 40-mile gorge and over 
a series of rapids before it reaches the level of the coastal plain. Even the 
smaller Orange River has a 300-ft. waterfall in its lower course. The impossi¬ 
bility of reaching the interior of Africa by uninterrupted stream navigation 
is one of the reasons why that continent was the last to be penetrated by 
Europeans, although it was bordered on the north by the Mediterranean 
centers of civilization. 

The full height of the African plateau is not in all places reached directly 
from its bordering plains but by a series of platc^au steps. This is notably 
true in the Union of South Africa, where the first step up from the narrow 
coastal plain is the Little Karroo, a low plateau having an average elevation 
of about 1,800 ft. This is succeeded by the Great Karroo at about 2,500 ft. 
elevation; and that, in turn, by the High Veld at about 4,000 ft. Each step 
is rimmed by low mountains or hills. The approaches to the lower table¬ 
lands of northern Africa are much simpler and less impressive. 

467. Plateau Classes Related to Rock Structures. Pla¬ 
teaus, like plains, are underlain by rocks of different origins and 
attitudes, and their conditions of structure are reflected in some of the 
relief features of the plateau surfaces. Among the major plateaus of the 
world one or more examples may be found of each of the following 
classes: (a) plateaus underlain principally by horizontal strata, (b) 
plateaus of basaltic lavas, and (c) plateaus whose surfaces are uplifted 
baselevel plains in ancient crystalline rocks (c/. Plates VI, VII). 

The Colorado Plateaus illustrate the class first named. In this 
vast region, which is equal in area to the combined areas of Ohio, 
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Indiana, and Illinois, sedimentary strata which total several thousands 
of feet in thickness lie in nearly horizontal position upon a foundation 
of crystalline rocks (Fig. 230). In some places the sediments are faulted, 
slightly arched, or covered with recent volcanic products, but the 
principal surface features result from the erosion of nearly horizontal 
strata. The many segments that comprise the plateau region mainly 
are flattish, tablelike or steplike plateaus, though some are much 
dissected. Most of them have been developed on sedimentary strata 
by dry-land erosion, and they lie at various levels, separated by bold 
escarpments or by canyons. The surface of the immense plateau of 



Fio. 2S0.-~The Grand Canyon of the Colorado River. The narrow inner gorge, cut in 
crystalline rock, is in striking contrast with the intricately carved steps eroded in the 
sedimentary rocks above. Note the flatness of the distant plateau surface. 

South Africa likewise is dominated by the widespread distribution 
of a persistent system of sedimentary rocks. 

The Columbia Plateau in Washington, Oregon, and Idaho is an 
outstanding example of the lava plateau. Over an area as large as that 
of the combined states of New York, New Jersey, and Pennsylvania 
the surface is underlain by black basaltic lavas. They occur in nearly 
horizontal flows of variable thickness one upon another and bury an 
uneven surface of former erosion (336, Fig. 231). The structures of 
the northwestern part of the Deccan Plateau of India and part of the 
plateau of eastern Africa are of similar nature. 

The plateau of Western Australia may be taken as an example 
of the third of the above classes. It is predominantly a crystalline 
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peneplain uplifted. Similar structures are found in parts of the plateaus 
of eastern Brazil, where faulted crystalline rocks are covered only 
in part by later sediments, and also in parts of central Africa and 
peninsular India (cf. Plates VI, VII). 

468. Plateau Features Related to Climatic Conditions. 
The greater elevation of plateaus makes them even more subject than 
plains to the development of surface features that reflect the conditions 
of climate under which their degradation was accomplished. In fact, 
it is safe to say that the primary classes of plateau landforms are those 
which depend upon climatic environment and that those growing out 



Fig. 231.—An exposure of the ('olumbia Plateau basalts in a canyon wall, showing 
beds that result from successive lava flows. The base of the wall is flanked by talus 
slopes. (U. S. Geological i^urvey Photograph.) 

of the rock structures are of secondary importance. It is for that 
reason that plateaus are divided, for the purpose of the following 
discussion of their features, in accordance with their climatic situations. 

Plateau Features Developed in Dry Climates 

469. Many Plateaus Are Dry. The greater number of the 
world’s plateaus have arid or semiarid climates. There are several 
reasons for that condition, (a) It happens that some of the most 
notable of broad tectonic uplifts are situated near the margins of the 
tropics, and their areas fall within the range of trade-wind influence. 
(6) Intermontane plateaus, whatever their general climatic associa¬ 
tions, are in the lee of mountain barriers on all sides, (c) Certain 
tablelands present their higher sides to the prevailing winds and 
decline gently to the leeward. This has the effect of increasing precipita¬ 
tion on the plateau front and of diminishing it on the plateau surface. 
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(d) Because plateaus are high the air above them contains less water 
vapor and is not likely to afford abundant rainfall, (e) Plateau uplifts 
in regions supplied with abundant precipitation do not long retain 
their plateau features. Unless they are geologically recent or arc 
composed of highly resistant rocks they shortly are much dissected. 
Some present hill regions or mountain masses are, in fact, plateau 
uplifts which have been dissected by streams until their surfaces are 
no longer ])lateaulike. 

470. Dhy-plateau Valleys. The valleys of arid plateaus 
generally have the features characteristic of erosional youth. Some 
streams have only shallow valleys, since they are held up to temporary 
bas(‘levels by resistant strata or by lack of water. However, the exotic 
and other principal streams are likely to have intrenched themselves 
deeply into the plateaus and to flow in canyons. The same is true of 
some tributary streams, even of some that flow only intermittently. 
The development of canyons, large and small, is the normal result of 
several conditions. («) Orographic precipitation in bordering moun¬ 
tains furnishes water for streams able to cross the dry-plateau surface 
and descend to the sea beyond, (b) The plateau surface is high above 
its baselcvad. Thus the ..exotic^ streams are characterized by high 
gradients and are able to erode deeply, (c) Most high plateaus are 
comprised of solid rocks able to stand in steep slopes when dissected 
by stream erosion, (d) The slow rate of weathering and small amount 
of slope wash normal to dry climates tend to preserve the steepness 
of the valley walls. Notable plateau canyons of great length and depth 
are those of the Colorado and Snake Rivers in the United States, 
that of the middle course of the Zambezi in South Africa, and the 
Tibetan courses of the Brahmaputra and other streams that leave 
the great Asiatic plateau region. Of lesser canyons in most dry plateaus 
there are thousands, most of them witliout permanent streams. 

The typical dry-plateau canyon is not a natural thoroughfare. 
Its narrow bottom offers little place for a roadway, and its stream, if 
any, seldom is navigable. Its course is likely to be steep, boulder 
strewn, and interrupted by rapids and falls. Moreover, it is subject 
to sudden and large changes in stream level. Its bottom is reached 
from the plateau upland only by a steep climb down a precipitous 
valley wall or by the difficult route of a tributary canyon. It is too deep 
and too steep to be crossed easily and yet too wide to bridge eco¬ 
nomically. The deep dry-plateau canyon is more effective as a barrier 
to communication than as a route of transportation, and the accessi¬ 
bility of the plateau upland is, therefore, in inverse proportion to the 
degree of its dissection. 
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471. The Grand Canyon of the Colorado River in Arizona is the most 
magnificent of its kind. It is the work of a silt-laden, mountain-fed stream 
of high gradient. The stream crosses high arid plateaus from which it 
receives but few permanent tributaries. In one part of its valley it has cut 
through more than 4,000 ft. of nearly horizontal sedimentary strata and 
more than 1,000 ft. into crystalline rocks beneath. The erosion of the latter 
has produced a narrow inner gorge, above which the walls rise in a series of 
giant steps which are etched by undercutting in the unetiually resistant 
sediments. The exposed edges of the more resistant sedimentary strata form 
the sheer rises and some of the benches. Those of the less resistant strata 
form the intervening slopes (Fig. 2ti0). Tlie intricate forms of the walls, 
which hold most of tlie scenic grandeur, result from arid-land weathering 
and erosion on a large scale along both joint and bedding planes. 

472. Dry-plateau Escarpments. Among the conspicuous fea¬ 
tures of dry plateaus are cliffs and escarpments (Fig. 232). They 



FiO. 232.—The angular face of a long plateau escarpment in New Mexico. 


result primarily from stream erosion and faulting, the same processes 
that produce humid-land escarpments. They differ from the latter 
in the hard sharpness of their outlines. Slow weathering tends to 
preserve their sharp outlines, and occasional torrential rains cause 
the intermittent streams to flood and to erode laterally, undercutting 
and steepening the valley walls and cliffs. Even though the escarpments 
of dry plateaus are well preserved, it does not follow that they are regu¬ 
lar in outline. Generally their faces are scarred by many dry ravines, 
their upland rims are etched into sharp promontories, and often these 
in turn are notched by gullies. Weathering attacks through joint planes 
and branches laterally from them into other joint planes, thus working 
behind and detaching portions of the rock mass. This gives to many 
escarpments fringed or crenate outlines of great intricacy of detail 
which are very little obscured by regolith or vegetation. In some kinds 
of rock the weathered features stand as colonnades or pyramids of 
complicated form (Fig. 233). Piles of talus (earth and rocks dislodged 
from above by the processes of. weathering, which the forces of 
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erosion are unable to remove as fast as they accumulate) lie in abun¬ 
dance against the bases of dry-land escarpments except in places so 
situated that they are swept at rather frequent intervals by the 
lateral erosion of intermittent streams (Figs. 231, 234). 

Not only do many dry-plateau cliffs hav^e an angular and minute 
detail of form, but also they have a variety and brilliance of color 
unknown in humid regions. Dry air and frequent wind abrasion do 
not favor the abundant growth of the lichens and other small plants 
which cover the rock cliffs of humid regions with a monotony of grayish 



Fig. 2S3. —IViitastic details resulting from the differential weathering and erosion of 
a dry-land escarpment in Bryce Canyon, Utah. The steep sides and flat top of the mesa 
in the middle distance are well shown. (National Park Service^ U. S. Department 
of the Interior,) 

green. The rocks of dry-land cliffs, therefore, exhibit the full value 
of their colors, which range from the pure white of gypsum beds 
through the grays, buffs, and reds of various sedimentary rocks to 
the dull greens, browns, and black of igneous formations. These strong 
colors often are set against a foreground of desert floor painted in 
the soft yellowish gray of alkali soils or the glossy browns of desert 
varnish. 

473. Dry-plateau Uplands. The interstream areas of dry 
plateaus characteristically are flat or rolling uplands. Some are of 
vast extent and are not sharply distinguished from plains. Others, 
like the Colorado Plateaus, are separated by escarpments into several 




Fig. S^4,—A sandstone mesa (left) and a low butte (right) that have been separated 
by dry-land erosion from the larger upland or mesa in the background. Note the talus 
slopes. {TJ. *S. Geological Survey Photograph.) 

are widened the marginal plateau blocks are reduced in area through 
erosional attack on all sides, but they retain their flat tops. Features 
of the same origin but of smaller size often are called huttes (Fig. 234). 
In some dry plateaus of poorly consolidated sediments erosion has 
almost completely destroyed the flat upland. Only small mesas, buttes, 
and pinnacled divides remain separated by fantastically carved 
arroyos. Surfaces of that kind merge without distinction into low 
mountains, on the one hand, or, on the other, into hill country of the 
badland type (483). 

474. Plateau Bolson Lands. Some dry plateaus, like ^some dry 
plains, are comprised of bolsons or regions of interior drainage (438). 
Because the streams of plateau bolsons drain toward their lowest 
interior points and not into the oceans, each bolson has its own local 
baselevel of erosion and cannot be deeply dissected. Thus their 
surfaces have many of the same general features as those of basins 
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in dry plains, from which they may be distinguished mainly by their 
greater actual elevations above sea level and by the fact that some of 
them are intermontane in situation. In them are to be found the same 
rocky pediments, the same alluvial fans, the same desert pavements, 
and similar collections of drifting sand. At their lowest points, likewise, 
are features that give evidence of collecting drainage. Some of them 
contain notable salt lakes. Such are Sevier Lake and Great Salt Lake, 
Utah; Mono Lake, California; Tengri Nor, Koko Nor, and others, in 
the plateaus of Central Asia; the lakes of Persia; and Lake Poopo, 
Bolivia. Not all lakes of dry-plateau basins are salt. Some of those at 
higher elevations overflow into lower basins and are kept fresh thereby. 
That is true of Lake Titicaca, Bolivia, which overflows into Lake 
Poop6, and of Utah Lake, w hich overflows into Great Salt Lake. Many 
plateau basins liave not enough water to maintain permanent lakes 
but contain salt marshes. Examples are seen in the “pans” of South 
Africa, the Tsaidam Swamp of Central Asia, the Salar de Uyuni of 
Bolivia, and the Humboldt Salt Marsh of Nevada. 

Plateau l'''(’;atur(!S Developed in Humid Climates 

475. Getsikhal Featuukis. Plateaus that are situated in regions of 
humid climate Umd to lx* more iniiuitely dissected by stream erosion 
than are those in regions of dry climate. Some, indeed, are so dissected 
that they have lost most of their plateau characteristics. The degree of 
dissection differs, however, not only with the amo\int and distribution 
of precipitation but also with the altitude of the plateau, the gradient 
of its streams, and the kind and vStructure of its rocks. The Eastern 
Highland of Australia, the eastern front of the Brazilian Plateau, and 
the western front of the Deccan Plateau of India receive heavy rain¬ 
falls, are near the sea, and have gradients so steep that they have been 
dissected into hill regions, locally called mountains. In Brazil and 
India the precipitation on the broad plateau uplands, though fairly 
abundant, is less than on the fronts. The drainage from them takes 
longer routes to sea level and erodes less deeply. Also, in some cases at 
least, dissection is further retarded by the establishment of temporary 
baselevcls upon the surfaces of resistant rock formations, as, for 
example, in the rainy Congo Basin of Africa. Although the dissection 
of that plateau is in progress the basin still is in the youthful stage of 
erosion, and its surface is relatively fllat. 

476. The minor features of humid-land plateaus differ from those 
of arid plateaus largely because of vigorous downward stream erosion and 
the greater rapidity of the weathering processes. Some of the stream valleys 
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are canyonlike, but generally they have, walls that are leas steep and less 
continuous than are those of the dry plateaus, since they are more frequently 
notched by the valleys of the more abundant tributary streams. Broad 
divides with rounded and irregular upland surfaces are common. In plateaus 
of slight dissection tlie upland features do not differ greatly from those of 
plains under similar climatic conditions. In those of <leop dissection the 
uplands take on tabular form but usually wdtli more rounded features than 
those of arid lands. This is particularly true in areas of igenous and nieta- 
morphic rocks. Resistant sedimentary formations sometimes retain angular 
escarpments, but usually the rapidity of weathering is sufficient to mantle 
their lower slopes with piles of talus. In the humid plateaus of the tropics 
remarkably deep accumulations of regolith blanket both upland levels and 
lower slojK's, and cliffs of bare rock are exposed mainly on upper slo])es, where 
they have been bared by soil creep. Indeed, it is probable that the rounded 
forms common to uplands in the liumid troj)ics are due more to the slow 
creep and flow of the deeply weathered rt‘golitli than to its removal by sur¬ 
face erosion. .Plateau landforms of the dissected type Ihtc indicated are 
illustrated by the broad uplands and deep gorges of limited areas in the 
Allcgheny-Cumberland highland, the highlands of southwestern China, and 
the Ardennes highland of western Europe, Parts of these uplands are so 
greatly dissected that they approach hill regions in appearance and merge 
with them in features. Similar features are common also in the plateaus 
of eastern Brazil, Central America, and equatorial Africa. 

The Great Ice Plateaus 

477. Surface Features. Vast sheets of ice cover most of Green¬ 
land and the Antarctic continent. Presumably they arc so nearly like 
the great ice sheets which once covered large parts of North America 
and Europe that they may be considered examples for the study of 
the conformation and behavior of the former continental glaciers (359). 
Both of the existing glaciers may be regarded as great desert plateaus. 
The Greenland plateau is to a degree intermontane, since its ice 
is largely held within fringing mountain walls. That of Antarctica 
for the most part rises sheer for several scores of feet and then slopes 
rapidly up to a flattish interior which has an average elevation of 
about 7,000 ft. and a maximum of more than 9,000 ft. in the region of 
the south geographical pole. Its vast expanse includes an area about 
one and two-thirds times the size of the United States, almost entirely 
ice covered. 

The surfaces of the great ice plateaus are notably different in 
features from those of other plateaus. In general they are flat. On 
their surfaces are parallel ridges a few feet in height, called zastrugU 
which result principally from the work of the wind and drifting snow. 
But, owing to the cold, there are no streams, and consequently there 
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are no features comparable with the mesas and canyons of the arid 
plateaus or with the rounded blocks of those in humid climates. If 
features of such great size could be formed, the slow movement of 
the plastic ice w’^ould presently close the valleys, engulf the eminences, 
and reduce the surface to its present monotony of uniformity. 

478. Marginal Features. Only upon their margins do the great ice 
plateaus exhibit any variety in surface features. In this respect the plateaus 



of Antarctica and Greenland differ considerably. The ice surface of Antarc¬ 
tica descends from the high interior, and the marginal ice thins and is 
traversed by deep cracks. Except in a few localities, where it is held back by 
fringing mountains, the ice everywhere overruns the land margin so that 
the exact position of the shoreline of the continent is not known. The ice 
edge, whether it is at the land margin or well out into the adjacent sea, is 
marked by sheer cliffs. From these walls great icebergs are split off by the 
buoyant effect of the .sea water. Some of them are of large area, tabular in 
form, and almost mesalike in their relation to the parent mass. The ice¬ 
bergs, large and small, disintegrate by melting and disperse as masses of floe 
or drift ice which fringe the continent for many miles and combine with the 
ice wall to make it relatively unapproachable. 
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The highland or mountainous rim of Greenland, and the higher summer 
temperatures prevailing there, produce somewhat different features upon 
the margin of that ice plateau. Not everywhere does it descend to the sea 
(Fig. 235). Since it is held back by the highlands, much of its southern and 
western front wastes by melting some distance inland. Where it does dis¬ 
charge into the sea it does so by means of tongues of ice, some narrow, some 
wide, which protrude through gaps in the bordering highland. Between 
parts of the ice tongues and surrounded by then! are islands of rock, called 



Fig, 236.—Tongues from the Greenland ice plateau protrude coastward through the 
fringing mountains and create nunataks by the isolation of peaks. {Photograph by Has- 
mussen. Courtesy of the Geographical Heniew, published by the American Geographical 
Society of Neiv York.) 

nunataksy which are the peaks of ice-enveloped hills or mountains. These 
become more numerous near the plateau margin where the hills are higher 
and the ice thinner (Fig. 236), There are nunataks in Antarctica also, but 
they are considerably less numerous. From the tongues of Greenland ice 
which discharge directly into the sea are derived irregular icebergs which, 
although they are not so large as some seen in Antarctica, are of ample size 
to create a hazard to navigation when they drift southward into the foggy 
North Atlantic steamship lanes in the spring (Fig. 263). 





Chapter XX. Hill Lands 


479. Hill Lands Distinguished. The word hill has the misfor- 
liiiic to he apjdied in common use to elevations as greatly different 
as mounds and mountains. However, it is desirable that hills be 
set apart for consideration because there are some ways in which 
both their appearance as elements of landscape and their degrees of 
human utility differ from those of plains, plateaus, and mountains. 

Hill lands are different from plains, even rough plains, in that 
they have, by definition, considerably greater relief. They differ from 
plateaus in that they are more minutely dissected and have smaller 
upland areas. I'hey resemble mountain regions in that they include 
land of which a larg(‘ part is in steep slopes. Some very rough hills 
are mountainlike in comparismi with adjacent plains and locally are 
called mountains. However, in most hill regions the features are less 
massive than those of mountains, their parts are less complicated, 
and their detailed features are of a smaller order of size. Although the 
lines of distinction must be drawm arbitrarily, it will be useful to think 
of hill lands as being those parts of the earth’s surface which, (a) are so 
dissected that much of the land is in considerable degrees of slope, 
(6) have uplands of small summit area, and (c) have local relief of 
more than 500 but less than about 2,000 ft. 

The principal world regions of hills, shown in Plate VII, differ 
considerably, both between regions and between parts of the same 
region. They differ in their relations to other classes of physical fea¬ 
tures, in their climatic situations, in their geologic structures, and in 
their details of relief. It will be observed from Plate VII that some of 
them border plateaus, of w^hich they are the dissected margins. Others 
fringe mountain masses; and still others stand alone in the midst of 
plains. Few, if any, hill regions derive their features directly from 
faulting, folding, or volcanic activity. Instead, they acquire them as a 
result of climatically controlled weathering and erosion in highlands 
of various origins and structures. (Consequently, there are some hill 
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regions that have developed under similar climates but in different 
kinds of rock; others that have developed in similar rock structures 
but under great differences of climate. Given similar conditions of 
structure and climate, there arise also differences in relief features 
which are due to local inequalities in the stage of maturity to which 
the erosional cycle has progressed. There are, for example, hill regions 
that have evolved through the submature dissection of plat(‘aus. These 
may retain considerable parts of the old plateau surface in the form 
of broadly rounded hills which are separated by narrow and steep¬ 
sided valleys. However, hill lands of ideally mature dissection are 
reduced almost entirely to a succession of hills, narrow ridges, and 
V-shaped valleys in which level land may occupy less than 5 per cent 
of the total area. Some hill regions have been so long subjected to 
erosion that they are past the extreme irregularity of maturity. 
Such a region may retain only remnants of its former highland in the 
form of subdued hills of small summit area, among which open rolling 
valleys and basins are interspersed. 

It is obvious that the advantages of hill lands for human settlement 
and use are intermediate between those of plains and mountains. 
Maturely dissected hills, having many steej) slopes, are badly adapted 
to tillage. Although those in early maturity of erosion may include 
some fairly level, plateaulike uplands, these are liktdy to be separated 
from each other and from outside regions by steep-sided vall(\ys. Hill 
regions in a more advanced erosional stage, however, have broadly 
open valleys and reduced slopes and offer greater advantages for 
agriculture. Resources of other types are not lacking in hill regions. 
Because their slopes are in part steep and untillable, some have 
retained their forests, and they give rise to streams having steep gradi¬ 
ents capable of development for water-power production. Rough lands, 
forests, and swift streams tend also to give them s(?enic attractiveness 
and to encourage their development as resort centers. Some also, by 
the nature of their geologic origin, contain mineral resources of value 
and have attracted mining industries and settlements. 

In the following paragraphs a few of the more common kinds of hill 
lands may be considered with respect to some of their characteristic 
features and patterns of arrangement. 

Stream-eroded Hill Regions 

480. Hills in Regions op Horizontal Strata. Some of the 
roughest hill lands of the world have resulted from mature stream 
dissection of nearly horizontal sedimentary strata of tinequal resist¬ 
ance. In regions of arid climate elevated highlands of that type would 
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remain long undissected, maintain a youthful stage of erosion, anxl 
have plateau features. In humid regions, the progress of the erosional 
cycle being more rapid, mature dissection by streams and their numer¬ 
ous perennial tributaries destroys the upland surface and reduces 



Fig. 237.—An aerial view of the Allegheny hill region of West Virginia shows it to be 
a stream-dissected upland with a dendritic valley pattern, (c/. Fig. 131B.) (Photograph 
by John L, Rich. Courtesy of the Geographical Review^ published by the American Geo^ 
graphical Society of New York.) 

the whole to a maze of hills and valleys. An understanding of the 
features of such regions and their patterns of arrangement can be 
reached most readily by studying the development of the dendritic 
drainage pattern (352). The valleys control the pattern of relief, and 
the hills are but the remnants of the former upland. An exceilent illus* 
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tratioii of this class of hill land is found in that part of the Appalachians 
called the Allegheny-Cumberlarid hill region, which extends from 
northern Pennsylvania to northeastern Alabama. Its features are so 
ilistinctive that some of their details may be considered (Fig. ^37). 

481. The Allegheny-Ctimherland hill region, under humid climate, is 
deeply and maturely dissected and has local relief which, in general, is 
between 500 and 2,000 ft. In some localities it exceeds 2,000 or even 3,000 ft. 
of relief and there assumes the characteristics of low mountains. By the 
inhabitants most of the region is called mountains; by gdifelogists it is referred 
to as a plateau, because it was once an undissected upland of which limited 
portions still are flattisli; but geographically it is a hill region. 

The stream pattern of a large ])art of the Alleglu'ny-Cumberland hill 

region is dendritic (Fig. 238). The 
major streams, having larger vol¬ 
umes, have been able more nearly 
to grade their cours(‘s. I'liey have 
broadened their valleys and de¬ 
veloped narrow floodplains. The 
secondary streams occupy 
V-shaped valleys which, however, 
may be followed by roads and 
railroads and form the least diffi¬ 
cult routes of penetration into the 
interior of the region. The minor 
tributary valleys are of great nuni^ 
bcr. They push into the flanks of 
every section of the upland and by 
dissection have reduced most of 
the divides to ridges or to series of 
isolated hills which are separated 
by notches or saddles (Fig. 131B), 
The arrangement of the liills ap¬ 
pears patternless, but close obser¬ 
vation shows that they follow the 
trend of the divides of which they 
are tlie dissected remnants. 

The larger hills of any given locality in this region have nearly uniform 
height—the height of the former upland. The smaller hills are low er, because 
they have been reduced by the close approach of adjacent valleys. Many of 
them are so separated by erosion that they have the appearance of cones or 
pyramids. Their general angles of slope are not steep, except where they are 
sharply undercut by a major valley. Along some of the principal streams the 
notched and serrate valley walls rise steeply 1,000 to 1,500 ft. Owing to 
the alternation of resistant and nonresistant sedimentary rocks some of the 
hillsides consist of sheer rises of a few feet separated by benches or gentle 



Fio. 238.—Dendritic pattern is charac¬ 
teristic of stream development in the 
maturely dissected Allegheny-Cumberland 
hill region, {cf. Fig. 237.) 
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slopes. However, because of the more rapid progress of weathering under 
humid climate, the benches and rises are much less pronounced in appear* 
ance and less sharp in outline than those of arid lands. 

Although a large part of the Alleglieny-Cumberland hill region has 
reached the stage of mature dissection, some parts of it have passed matu¬ 
rity, and others have not yet reached that stage. On its western margin, 
especially near the Ohio River, where the original elevation was not great, 
the streams have more (luickly reached grade. In consequence, the valleys 
are wid(*r and more o])en, the hills are lower, their slopes less steep, and their 
tops more broadly rounded than in the heart of the region. On parts of the 
higher eastern margin of the region, for example, in West Virginia near the 
bold east-facing escarpnumt known as tlie Allegheny Front, erosion lias 
hardly progressed lieyond the youthful stage. There the surface is nearly 
plateaulike (470). A broad upland is carved by minor streams into low but 
rugged hills separated by rolling plains. Through it a major stream, the 
New River, lias cut a gorge more than 1,000 ft. deep. 

In the more subdued relief of the wCvStern part of this region, especially 
near tlie Ohio River, good roads and well-developed farms occupy the spa¬ 
cious valleys while the rounded hills are pastured and only the steeper slopes 
remain in woodland. In the maturely dissected districts crop land is limited 
in extent, since both bottomlands and flat uplands are nearly lacking. Most 
of the slopes are wooded, but some of surprising steepness are cultivated. 
Roads, railroads, and settlements are in the narrow valleys. Many t)f the 
settlements, largely coal-mining camps, are strung along the valleys in 
linear pattern (Fig. In some of the localities of submature dissection, 

roads, farms, and villages are fouml on the uidands, although the gorgelike 
valleys serve as the principal avenues of through railway transportation. 

482. Othkr Hill Regions of Horizontal Strata. The Alle- 
gheiiy-'Curnberland hill region is undoubtedly the largest region in the 
world of the class of laiidform above described, but there are many 
others of some size and importance. Among them are the Ozark hill 
lands and the Boston “Mountains” of Missouri and Arkansas, the 
hills bordering the Drakensberg Mountains in southeastern Africa, 
some of the hill districts of peninsular India, and parts of southern 
Germany. 

483. Badlands. It has been noted previously that mature dis¬ 
section of plains of poorly consolidated sediments produces very rough 
surfaces (385). Some of that nature have a high degree of local relief 
and, under subhumid climate, have been eroded into astonishingly 
complicated hill forms and patterns. These are not essentially different 
in stage of development from the Allegheny region but differ con¬ 
siderably from it in steepness and in fineness of erosional detail and 
in having lower relief. It was the bewildering maze of sharp hills and 
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dry ravines that led the French fur traders to call those of the High 
Plains, near the Black Hills, mauvai^es terres pour traverser. They are 
eroded in thick beds of clay and in large part are but deei)ly and 
minutely dissected plains (Fig. 239). Still other badlands are found in 
certain easily eroded rock formations in the dry southwestern plateaus 
and mountain borders. However, extremely rapid dissection in almost 
any uniform material will produce similar features. Badland forms 
eroded in crystalline metamorphic rock of uniform texture are known 
in the treeless highlands of dry northern China. 



Fig. 239. —The features of badlands in western North Dakota, (f/. S. Geological Survey 

Photograph.) 


484. Hills in Regions of Folded Sedimentary Strata. Cer¬ 
tain hill regions are characterized by ridges and valleys of linear and 
roughly parallel patterns of arrangement. These contrast sharply with 
hills having the dendritic valley pattern discussed above. The linear 
pattern results from the erosion of elongated folds or crustal wrinkles 
made by lateral compression in sedimentary rocks of unequal resistance 
to erosion. Among the notable areas of that kind of surface configura¬ 
tion are the Appalachian ridge-and-valley region which extends from 
northeastern Pennsylvania southward to Alabama, the Ouachita 
Mountains of Arkansas, and the Jura Mountains on the French-Swiss 
border. 

485. The Jura Mountains illustrate the parallel arrangement of hills 
in their least complicated form of development. In them ridges, most of 
which are not more than 500 to 2,000 ft. in height above the adjacent 





Fig. 240. —A view across the parallel ridges and valleys of one section of the folded 
Appalachians. Water gaps cut two of the ridges at the extreme right. In many parts of 
the ridge-and>valley region the valleys are much wider than those shown here and con¬ 
tain large areas of farm land (see Fig. 242). {Photograph bp Fairchild Aerial Surveys, Inc.) 



Fig. 241. —A series of diagrams in chronological sequence to illustrate the develop¬ 
ment of linear ridges, parallel valleys, and enclosed valleys. (.4) horizontal strata; {B) 
anticlinal and synclinal folding, with pitching anticlines; (C) erosional mountains cut in 
the folded structures; (7)) the region bascleveled; (K) the peneplain slightly elevated and 
re-eroded. Linear ridges, broad valleys, enclosed or canoc-shaped valleys, and water gaps 
are shown. They arc of the types seen in the folded Appalachians. 
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valleys, trend for many miles in a northeast-southwest direction, roughly 
parallel with one another. They are high cuestaform ridges, the eroded 
bases of resistant members of anticlinal and synclinal folds. The intervening 
valleys, eroded in the less resistant sediments, are fairly broad. Although 
they are not excellent land, they contain most of the farms, roads, and 
villages of the region. Access from one valle^^ to another is through notchlike 
gorges, locally called cluses, which have been cut across the linear hills by 
the major streams as they eroded downward in developing the present relief. 

486. The Appalachian ridge-and~valley region is the most notable example 
in the world of parallel ridges and valleys (Fig. 240). It differs from the Jura 
region in that it is in a second cycle of erosion. During its first cycle rugged 
mountains, the product of intense folding and faulting, were reduced to a 
peneplain. The region has since been somewhat reelevated, the streams 
have cut into the plain along the courses in whicli they j^reviously flowed, 
and their tributaries have adjusted themselves to the structural conditions 
by etching out new valleys in the less resistant strata. J'here an' several 

important results of the progress 
of this second cycle of erosion, (a) 
Broad, rough-floored valleys have 
been carved in the less resistant 
rocks, mainly limestones and 
shales. (6) The iii)turned edges of 
the resistant members of the folds, 
usually sandstones and conglom¬ 
erates, are left standing in relief in 
the form of long, even-crested 
ridges the summits of which rep¬ 
resent the surface level of the old 
peneplain (Fig. 241). The major 
ridges range in height from 500 to 
1,500 ft. above the adjacent val¬ 
leys. They seldom are more than 3 
miles wide, but some of them ex¬ 
tend almost unbroken, and of re¬ 
markably uniform height, to 
lengths of 25 to 100 miles or more. 
(c) Narrow notches, called water 
gaps, liave been cut through the 
ridges where the major streams 
run across their trend. Other 
notches, begun by streams that changed their courses and abandoned the 
notch, are called wind gaps. These gaps are the gateways between adjacent 
valleys, (d) The streams in accomplishing this erosion have adjusted their 
courses to the trend of the rock structure with the result that a somewhat 
rectangular pattern of drainage, called trellis drainage, has evolved 
(Fig. 242). 



Fig. 242. —The type of drainage pattern 
developed in assix^iation w'ith relief features 
and rock structures like those shown in 
Fig. 240. 




1111.1. L.ANDS 


428 


Some of tlie valleys of this region are noted for their great continuity, 
and a few for their agricultural productivity. The most famed is the ‘‘Great 
Valley,” which, under several local names, extends from New York to 
Alabama. The ridges, because of their steep slopes and thin infertile soils, 
remain priiuipally in woodlands. A general view “across the grain” of the 
region includes wooded ridge beyond wooded ridge, with intervening valleys 



Fig. 243.--Ix>okiiig from the air along the crest of a ridge in the folded Appalachians. 
The river cuts the ridge at right angles and has made a water gap. The fields of the 
cultivated valleys are snow covered while the wooded ridge show^s dark. {Photograph by 
Fairchild Aerial Surveys, Jnc.) 

upon whose undulating to rolling bottoms are the fields and patchy wood¬ 
lands of farms, together with highways and villages (Fig. 243). 

Enclosed. Valleys, Not all the ridges of the Appalachian ridge-and- 
valley region are parallel. The anticlines and syiiclines of which they are 
the eroded stumps sometimes terminate abruptly, pitch gently beneath 
the valley level, or merge with one another. Such structures are the causes 
of great variation in the shapes, sizes, and continuity of the valleys and, 
consequently, in the patterns of settlement and the routes of transportation 
that follow them. Figure 241 shows two enclosed, canoe-shaped valleys 
which result from the erosion of anticlinal structures. Such a valley may be 
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underlain by limestone and contain productive agricultural land, but il is 

isolated, since the narrow water gap of the stream that eroded it is the only 

low-level gateway to it. 

487. Hills in Regions of Complicated Rock Structures. 
Among the hill regions of the earth it is probable that the greater 
number are comprised of intermingled rocks of many different origins 
and higlily complicated stnictiires. Some of the regions are, in fact, 
the eroded renuiants of ancient mountain highlands the rocks of which 
have been repeatedly faulted, folded, and subjected to igneous intru¬ 
sion. Not only arc^ the rock structures that are concerned with the 
formation of hills of this class of great variety, but also the features 
differ as a result of development under unlike conditions of climate. 
In most hill regions of complicated structure, differential W(‘athering 
and erosion in unlike rocks are the cause of the principal features of 
relief. In some it is the structural features, such as extensive faults, 
which dominate the scene. In hill n^gions situated in the rainy low 
latitudes climatic conditions tend to unify surface features by minimiz¬ 
ing the effects of rock character and structure, just as arid environment 
tends to emphasize those factors. 

The unifying effects of rainy tropical climate arc brought about 
mainly as a result of active weathering. Chemical decomposition of 
rock is so rapid that features which, in colder or more arid climates, 
would (‘rode into angular summits h(‘re w(‘ather into roundcHl uplands. 
Owing also to active weathering and the leaching influence of ground 
water, the typical soils of the humid tropics are highly porous (618). 
Much of the abundant rainfall soaks into the ground, and the rain- 
sc^aked r(*golith tends to creep or slide. This j^rocess sometimes bares 
the rock upon the steepest upper slopes, but at the same time it tends 
to soften the transition from upland to lowland with deep accumula¬ 
tions of weathered material. This is notably true of hills eroded in 
massive granite rocks. In them the rounded form of the uplands is 
to be seen even in middle latitudes, as, for example, in the hills and low 
mountains of the southern crystalline Appalachians CFig. 244). 

Elsewhere, to a greater degree than in the rainy tropics, hill features 
and hill patterns arc influenced by comj^licated rock structures. 
Basaltic lava flows may protect weaker rocks beneath and erode into 
tabular, inesalike hills, even in humid climates. Alternating masses of 
resistant and nonresistant crystalline rocks give rise to areas of inter¬ 
spersed hills and basins. Extensive fault scarps themselves produce 
ridges which are dissected by streams into hills, or their fault zones 
develop linear areas of weakness which streams find and degrade into 
valleys. 
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Because of the extreme variety of physical conditions involved in 
the making of their features, hill regions of complicated rock structure 
are highly individual and may not readily be grouped into classes 
according to type. However, attention may be directed to certain hill 
regions the features of which will server to illustrate some kinds of hill 
relief which are distinctive but which are of much more complex 
origins than the kinds previously described. 

488. The Youthful Plateau-hill Region of Piasiern Australia. The liigh- 
land of eastern Australia is a disseet(‘d plateau. Its eoinposition of ancient 
granites, old sediments, and youngcu* volcanic rocks gives it great local 
diversity. In one respect it has some degree of unity. From uplands of 
2,000 ft. or more elevation many streams, fed hy abundant rainfall, des(!end 



Fig. 244.- - Rounded forms resulting from weathering and erosion in massive granites. 
A valley in the eryslalline Appalachians of North (’arolina. {U. >S. Grologiral Survey 
r holograph.) 

steeply coastward through deep gorges. Tluur tributaries have carved the 
seaward margin of the highland into a hill region of steep slopes and rounded 
uplands. About the stream headwaters considerable blocks of undissected 
upland persist, but nearer the coast the hills are more subdued, and the 
valleys broaden into basins in the rolling surfaces of which there are rem¬ 
nants of the former uplands, still round-topped and steep-sided but reduced 
to narrow spurs or isolated hills. 

489. The Crystalline Appalachian Highland of the South, popularly known 
as the Blue Ridge Mountains, is comprised of igneous and metamorphic 
rocks of great age and structural complexity. Formerly it was a peneplain, 
a remnant of ancient mountains. Following reelevation, it has again been 
much eroded. In part of its broader and higher portion the region has a local 
relief of more than 2,000 ft., and its surface has the characteristics of low 
mountains. Most of its area, how^ever, is a hill region of great irregularity, 
its various rocks having been weathenid and eroded in different ways. Espe¬ 
cially toward the western margin of the region, some rocks of great resistance 
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stand out as ranges of mountains and have steep bare slopes. A much larger 
part is eroded into hills of rounded summits and subdued relief, the flowing 
contours of which are well mantled with regolith and clothed wdth timber 
(Fig. 245). 

490. The California Hill Region of Linear Faulting, Thd California 
Coast Ranges, especially those south of San Francisco, are (‘omprised of 
sediments of several kinds and degrees of resistance, together with some 
igneous and metaniorphie rocks. They have been severely folded and are 
arranged in a pai:allel ridge-and-valley pattern in some ways like that of the 
Appalachian ridge-and-valley region. How^ever, the California hills have 
been subject to much more recent faulting and less folding tlian tlie Appa¬ 
lachians, and many faults, more or less parallel, traverse the region. Some 
of the faults are very long, one of them more than 500 miles, and they l)ear 



Fig. 245.—The subdued relief and eroded basins of the crystaJline Appalachians in 
western North Carolina. (Photograph by Cline.) 

a close relation to the positions and arrangement of the linear valleys. The 
intervening ridges are developed on the more resistant sedimentary rocks. 

491. Subdued Volcanic-hill Regions. In many parts of the world 
specific hill regions owe their elevation wholly or in part to the superior 
resistance of some form of intrusive or extrusive igneous rock. In the rainy 
tropical climate of the Guiana Highlands, where rounded uplands are usual, 
there are mesalike hills of sedimentary rocks protected by capping layers 
of igneous rocks, the result of former lava flows. ^ In the High Plains of the 
United States, the Black Hills are carved from a dome-shaped uplift caused 
by a batholithic intrusion. The igneous rock is exposed in the central area 
of the hills, which have a local relief of about 2,000 ft. The Palisades of the 
Hudson River and the Watchung Ridges, near New York City, owe their 
existence to the differential erosion of ancient basaltic intrusions. 

^ Liddle, R. A. “A Geology of Venezuela and Trinidad.” p. 7, J. P. MacGowan, 
Fort Worth, 1928. 
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In the Central Highland of France and the Eifel of western Germany are 
hill regions of a type found in modified form in other parts of the world also. 
Upon a platform of older rocks are the remains of lava flows and volcanic 
cones. Erosion lias long since modified these surfaces but has not entirely 
removed the volcanic features. Subdued volcanic cones remain, and also 
domelike hills whi(!h are the weath¬ 
ered stumps of the lava cores or plugs 
that led to the former volcanic out¬ 
lets (Fig. 246). 

492. The Great Hill Region of 
Eastern Asia. Of all the hill re¬ 
gions of the world, that of eastern 
Asia is most extensive and least well 
known. It includes not only the large 
mainland areas in Siberia, Man¬ 
churia, and Central and South China, 
but also most of Chosen and Japan. 

Within its scope arc rocks and 
structures of such diversity that it 
includes hill regions of many kinds of features and patterns of arrangement. 
In the large area of South China arc strata of various ages, much faulted, in 
places folded, and interspersed with ancient, metamorphic crystalline rocks. 
The large human population of that region is distributed through the 
limited valley and basin areas among the hills. 

Ice-scoured Hill Regions 

493. The Chakactehihtics of Ic’e-scoured Hills. In a previous 
consideration of ice-scoured plains (Chap. XVI) the features resulting 
from ice erosion were described. Within the areas of continental 
glaciation there were hill regions also in which the original features, 
caused by an earlier stream erosion, were of a greater order of magni¬ 
tude than those of the plains. High as they were, how^ever, these hills 
did not greatly exceed the thickness of the continental ice sheets. Ex¬ 
cept for occasional rock masses, which may have projected in the form 
of nunataks through the glaciers, they were engulfed and overridden. 
The effect of ice scour upon the hill features is pronounced, whether 
the original features were stream-eroded portions of ancient crystalline 
highlands or of maturely dissected sedimentary uplands. The intricate 
patterns caused by gullying were erased, and there were substituted 
rounded features generally devoid of pinnacled promontories or sharp 
contours (Fig. 247). Mantles of regolith were swept away, and their 
place taken by thin stony soils or bare rock. Some of the ice-shaped 
hills show the steepened lee slopes of roches moutonnees on a scale that 
produces landscapes of scenic grandeur in spite of relatively small 



I'm. 246.—Domelike hills in central 
France that are the remnants of ancient 
volcanic cones. {After a photograph by 
Tern pest A ncle rfton.) 
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actual relief. Associated with the scoured and rounded hills are broad 
open valleys, usually thin-soiled and boulder strewn. Agricultural 
land is scant and poor, save in areas of more than usual morainic 
accumulation. Some ice-scoured hills have no agricultural use but are 
givtm over wholly to timber. In others, meadows and pastures occupy 
the greater part of the area, and the slopes and uplands bear only 
poor timber or shrubby heatli. 

The drainage of ice-scoured hills, like that of ice-scoured plains, 
shows abundant evidence of glacial disturbance. Waterfalls and 



Pig. 247. —The flowing eontoiirs of an icT-scourcci hill region in Vermont. The hill 
features are subdued, and the valleys are drift mantled. {Photograph by Underwood and 
Underwood.) 


rapids, small and great, interrupt the courses of streams the valleys of 
which, remade by ice, trend across the grain of rocks of unequal resist¬ 
ance to ero.^ion. Lakes and swamps also abound, even amid the 
highlands. Some are small morainic ponds or marshes of temporary 
nature. Others occupy ice-eroded rock basins and are beautifully 
set amid forested hills. 


494. Noted Regions of Ice-scoured Hills. It happens that the 
more noted of the ice-scoured hill regions are situated in areas of ancient 
crystalline rocks (Fig. 248). These include the more rugged portions of the 
Canadian Shield, the Adirondack Mountains, parts of New England, the 
Highlands of Scotland, and parts of the ancient highland of Scandinavia. 
They have many features in common. Except for some heath-covered hills 
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such as those of Scotland, they mainly are clothed with coniferous forest, 
are deeply snow covered in winter, and have little agricultural develop¬ 
ment. Their industries principally concern the utilization of pasture and 
forest resources; the employment of the water powers in the manufacture 
of wood products and paper; and the capitalization of their resources of 
hills, lakes, and woodlands in the attraction of the summer vacationist. 



Fig. 248.—Thin .soils and smooth rock surfaces on the ice-scoured .slopes of the Adiron- 

dacks. 


In the Pennine Hills of northern England, the Green Mountains of 
Vermont, and the hills of southern New York, glacial features are different 
from tho.se de.scribed above to the extent that they reflect ice scour in high¬ 
lands of less resistant rock. Having large inclusions of sedimentary rock, 
they provided more abundant glacial drift, and, although the hills resulting 
from ice scour arc ecpially rounded, they generally are less bare than are 



Fig. 249.—A valley in the glaciated hill region near the Finger Lakes of western New 
York. The hills are ice scoured, but the flat valley floor is deeply underlain by drift. 


those in the ancient crystalline highlands. The valleys have more abundant 
drift, and, although the drift is stony, they offer better agricultural possi¬ 
bilities than those in which crystalline rocks predominate. In the horizontal 
sedimentary strata of the New York portion of the Allegheny hill region that 
is particularly true. Before glaciation those hills presumably were similar in 
features and pattern to the hills of Pennsylvania. They have been much 
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subdued by the work of the ice. Hilltops were rounded, and valleys weje 
partially filled with morainal and glaciofiuvial deposits which flattened 
their bottoms and made them much more suited to agriculture (Fig. 249). 
Li some of the valleys morainal dams have obstructed the southward flow 
of preglacial streams and thus have created the valley lakes which arc called 
the Finger Lakes (Fig. 250). 



495. The Shore Features of Hill Lands. The shorelines of 
hill lands are different in many significant ways from those that 
characterize the meeting of plains with the sea. The steep and often 
serrate shores of hill lands commonly are bordered by sea bottom 

which slopes less gently than the con¬ 
tinental shelf that borders plains. Shore 
features developing after the emergence 
of such coasts are likely to be charac¬ 
terized by great regularity, as are those 
of the coasts of emerging plains. How¬ 
ever, the deeper waters offshore are less 
likely to provide conditions suitable to 
the formation of offshore bars and 
lagoons. Features resulting from the 
submergence of narrow and steeply slop¬ 
ing coastal valleys are likely to be of 
greater number and finer detail than are 
those of the coasts of submerged plains. Indeed, it is from the many 
parallel bays (called rias) on the hill-land coast of northwestern Spain 
that the term “ria shoreline’" is derived (Fig. 251). The shorelines of 
hill lands have, in fact, much in common with those of mountain lands, 
and further discussion of them is reserved for that connection (524). 








Chapter XXI. Mountains 


496. The Distinguishing Features of Mountains. Moun¬ 
tains, like hills, are distinguished from plains and plateaus by the 
smallness of their summit areas and the large pro})ortion of their 
surfaces in steep slopes. Yat mountains are more than enlarged hills. 
In general they have greater relief and are more massive than hills; 
they have more rugged contours; and their surface features are more 
complicated in pattern. However, mountains are of wide variety in 
size and form. Great mountains are easily recognizable as such, but 
it is not easy, neither is it usually essential, to distinguish between low 
mountains and hills. Summit elevation above sea level is not significant, 
since even the bases of both hills and mountains in the far interiors of 
continents often are many hundreds of feet in elevation. A better 
basis of distinction is the criterion of local relief, previously used. A 
region does not have truly mountainous features unless the local relief 
exceeds 2,000 ft. That arbitrary limitation excludes from the list of 
mountain regions many areas of rough surface which locally are called 
mountains. 

Above the lower limit of 2,000 ft. of local relief, here established 
as distinctive of mountains, are several possible classes of mountains. 
Four are suggested w^hich may be delimited, as w^as done for plains, 
in terms of the maximum difference in elevation to be found within 
a horizontal distance of about 10 miles. The classes follow: (a) lorn 
mountains^ having local relief of 2,000 to 3,000 ft.; (b) rough moiintainSy 
having local relief of 3,000 to 4,500 ft.; (c) rugged mountains^ having 
local relief of 4,500 to 6,000 ft.; and (d) derran mountains, having 
local relief of more than 6,000 ft. 

Although steep slopes are among the distinguishing features of 
mountains, few of them are in fact so steep as popular belief would 
make them. The average slope of most great mountains probably does 
not exceed an angle of 20 or 25° from horizontal. A few exceed 35°, 
especially near their summits, where erosion proceeds rapidly along 
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joint planes. The fact that mountain slopes commonly are made up, 
stairlike, of gentle inclines separated by abrupt rises or sheer cliffs has 
led to a popular exaggeration of the extent of the hitter. Seldom is the 
sheer or overhanging mountain precipice more than a few score feet in 
height. The great and seemingly vertical walls hundreds of feet high 
found in some mountains are not vertical. In fact, they seldom exceed 
angles of 70"^ and are capable of ascent, at least by the animals whose 
habitat they are. 

Several of the distinguishing features of mountains conspire to 
make them the least habitable of the four major groups of hindforms 
(872). Narrow valleys and the large ])ro])ortion of land in slope limit 
the area of tillable land to a small part of the total. Stcej) slopes mainly 
are stripped of their regolith, and where soil is })resent it is in constant 
danger of destructive erosion if disturbed by the plow. Forests and 
grass serve to utilize the soil on slopes and to aid in its retention. They 
are, therefore, among the most imj)ortaiit of })otenlial mountain 
resources. The conditions of mountain origin that give rise to com¬ 
plexity of rock structure commonly give rise also to mineral ores, 
and these may be added to the last of mountain resources of potential 
value for human use. So also may the potiontial water powers created 
by abumhuit precipitation and higli stream gradients. Moreover, 
mountains adjacent to great centers of population on })lains have large 
actual or potential use as playgrounds. One rcaison for this is their 
great height and the modification of climate that arises therefrom. 
Another is the variety and beauty of their erosional and drainage forms. 
A considerable part of the population of the Alps and some other moun¬ 
tains subsists upon income derived from those who come to view 
mountain, scenery or to enjoy mountain climate or mountain sports. 

497. The Disthibution of Great Mountains. Attention has 
been called previously to the probable relation between the tectonic 
activity of the regions of the Pacific Ocean border and other localities 
and the formation of mountains (384). The major regions of mountain 
distribution, shown in Plate VII, emphasize that relationship. The 
great mountains of the world, the Andes, those of western North 
America, eastern Asia, The Himalayas, Caucasus, and Alps all lie 
within or upon the margins of areas of known crustal instability. It 
may well be that they are the crumpled margins of segments of the 
earth’s crust which have, as units, recently undergone, or are now 
undergoing, adjustments of elevation. 

498. Classes of Mountain Features. A combination of 
diastrophic and volcanic forces, applied along the extensive and 
somewhat indefinite margins of crustal segments of the earth, has 
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produced mountain uplifts of great variety in shapes, sizes, and 
arrangements. These are attacked by the agents of gradation, even 
as they grow, and are carved into equally varied features. The features 
are known, according to their respective sizes and arrangements, by 
such names as cordillera, system, chain, group, range, ridge, and peak. 

A mountain 'peak is ordinarily a feature of a minor order upon a 
range, but in some instances, such as the great isolated volcanic cones, 
one of them stands alone and comprises the whole mountain mass. A 
mountain range is an arrangement, usually somewhat linear, of many 
peaks, ridges, and their included valleys (Fig. 252). Ordinarily the 
term range is applied to mountains that have a general unity of form, 
structure, and geologic age. The term group is sometimes used to 
describe peaks and ridges of rangelike size but not typically rangelike 
in shape. Such are the lU'arly circular, nodal, or massive patterns 

r ' ' ' ' '' . 



Fkj. 252. "The crest line of a linear mountain range in Colorado, showing some of its 

peaks and lateral ridges or spurs. The crest is a part of the continental divide. 

of peaks and ridges resulting from the erosion of laccolithic igneous 
intrusions. 

Several associated ranges are referred to as a 'mountain system if 
they have some unity of position, form, or structure but are separated 
by trenches or basins. The Rocky Mountain system is an t^xample. 
The term cordillera^ although it originally meant an extended range or 
chain, has come to be applied to a large regional grouping of mountain 
systems. 

499. CoRDiLLERAN REGIONS. Most of the great mountains of the 
earth are found in four cordilleran regions. They are (a) the North 
American cordillera, which includes the Rocky Mountain and Sierra 
Madre systems, the Basin Ranges, the Alaska - British Columbia 
Coast Mountains, the Cascade - Sierra Nevada systems, and the Coast 
Ranges; (5) the cordillera of the Andes; (c) the cordillera of southern 
Europe, which includes the Carpathians, the Alps, the Pyrenees, and 
the mountains of Spain and northern Africa; (d) the Asian cordillera, 
which is comprised of the Himalaya, Kunlun, Tien Shan, and Hindu 
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Kush mountains, which converge upon the nodal group of The Pamirs, 
together with the Caucasus Mountains and intermediate ranges. 

The arrangement of the members of the great cordillcran groups 
with respect to each other, to the shapes of the continents in which 
they lie, and to the plains and plateaus adjacent to them should be 
studied with the aid of an atlas. The included mountains show by the 
frequent occurrence of faulting and earthquakes or volcanic activity 
that many if not most of them are young and even now in the process 
of growth. In other parts of the same continents certain ancient 
mountains, now reduced by erosion, indicate the existence of other 
cordillcran groups in earlier j)erio(ls of earth history. 



500. Mountain systems are significant in the realm of human 
affairs, directly because of the barriers that they interpose upon the 
movements of people and indirectly through relation to the distribution 
of climatic and other natural i>henomcna. The effectiveness of moun¬ 
tain barriers largely depends upon the height, continuity, number, and 
arrangement of the mountain forms. These conditions in turn depend 
upon (a) the character of the rocks involved in the mountain uplift, 
(6) the nature of the processes that brought about the uplift, and (c) the 
climatic environment under which erosion has progressed and the 
stage of completion to which it has been carried. 

The patterns of arrangement of the great mountain systems 
profoundly affect the elements of landscape, both natural and cultural. 
Inspection of them, as they appear in an atlas, will show how generally 
they are deployed upon the earth’s surface in broad arcs. This pattern 
is exemplified by The Himalayas and is common in the systems of Asia 




MOUNTAINS 


435 


(Fig. £53). Other examples are not hard to find. The Carpathians, 
the northern Andes, the ranges of Alaska, and others show it clearly. 
Comparison will indicate that not a few political and other cultural 
boundaries conform to these curved lines. 

501. Mountain Ranges. The ranges that comprise the world’s 
major systems, chains, and groups of mountains differ widely in their 
patterns of arrangement. Several recognized patterns result from the 
erosion of as many different classes of tectonic structure. Four of the 
major patterns may be noted, as follows: (a) rouglily parallel ranges 
resulting from the differential erosion of strata that have been arched, 
wrinkled, or folded, and faulted by the forces of lateral compression. 
In such mountains some of the major longitudinal valleys may be of 
structural origin, the bottoms of synclinal folds. More commonly they 
result from differential erosion, certain of the more resistant rocks 
standing in relief as the mountain ranges, (h) Isolated or widely 
spaced ranges that are simply faulted as the result of lateral tension. 
Some of these are of great size; others are small. Some are tilted by a 
succession of faults along a single plane. Others are tilted horst blocks 
(Fig. 117). Upon any of them erosion is certain to have wrought great 
change of shape before they attain mountainous pro])ortions. (c) Mas¬ 
sive mountains with radial or featherlike range patterns resulting 
from the erosion of domed structures which were caused by laccoliths 
or other giant intrusions of igneous rock. The overlying sedimentary 
rocks upon such an intrusion may be almost entirely removed by 
erosion, and the ranges and valleys of radial pattern eroded in the 
massive rocks beneath. However, the eroded edges of the sedimentary 
formations sometimes lie as encircling ranges of cuestaform foothills 
about the flanks of the principal mountain mass (Fig. 1£1). (d) Conical 
mountains, or ranges comprised largely of such mountains. These are 
cones produced by volcanic extrusion. 

50£. Range Patterns in Various Mountains. The erosion of young 
mountains the uplift of which was brought about by folding with associated 
faulting produces systems with more or less parallel ranges, the intervening 
valleys resulting from differential erosion. In some places the erosion has 
been so great that the resistant rocks of anticlinal folds have been removed, 
and the valleys are cut in the less resistant formations beneath. Between 
the valleys are mountains in which the attitudes of the rocks show them to 
be the remnants of former synclines (Fig. 118). Other of their valleys are 
structural rather than erosional, some of them due to downwarping and 
others to faulting, although even those features usually are modified to 
some degree by gradational processes. 

Examples of mountains of somewhat parallel arrangement are numerous. 
Detailed maps show that the Carpathians, Atlas, Himalayas, Andes, and 



436 THE PHYSICAL ELEMENTS OP GEOGRAPHY 


other mountains contain ranges the major axes of which trend in the same 
general direction. Some of the ranges of the Rocky Mountains show a 
significant alignment also. Where they cross the Cana<la-United States 
boundary they are comprised of nearly parallel ranges which are separated 
by two linear “trenches” of remarkable length. Farther south, the ranges 
of Colorado are more widely spaced and are separated in part by broad 
basins, locally called “parks.” The Alps are the eroded bases of faulted 
and folded strata in the formation of which the compression was so great 
that many of the folds were crumpled and overturned. Their structure is, 
therefore, highly complicated, but certain of their longitudinal valleys 
which are of tectonic origin are to be seen on any good map of those moun¬ 
tains (Fig, ()). 

Some great mountain ranges, and many smaller ones, appear to have 
been formed principally l)y faulting. The 400-mile-long rang(‘ of the Sierra 
Nevada Mountains of California is carved by streams and glaciers in the 
edge and upland of a faulted f)Io<‘k the es(‘arpment of wdiic h, in places more 
than 2 miles high, faces eastward and the upland of which inclines less 
steeply westward (Fig. 114C). The bold west-facing front of the Wasatch 
Mountains in Utah is likewise the result of <lisplacement along a fault /.one, 
the gentler slopes bt‘ing generally tow^ard the east (Fig. 11(>). Some of the 
many adjacent Basin Ranges also are ero<lefl fault blo(‘ks. They show a 
general north-south alignment and are separat.(‘d l)y broad bolsons (Fig. 
SOC). Faulte<l ]>lock mountains of similar type and linear arrangement are 

found in a large region which in¬ 
cludes Palestine, Arabia, and part 
of eastern Afri(*a. Some of them are 
so fresJiIy faulted tliat the latest 
additions to their growth remain 
almost uninarn^d by erosion. In all 
of them, however, the crests are 
deeply scarred, even in the arid cli¬ 
mate of the Great Basin. 

Not all linear mountain ranges, 
however, are to l>e ascribed to dia- 
strophic causes. In some, faulting 
and folding do appear to have l)een 
the principal causes; but in others the 
cause seems to have been vulcanism. 
Certain mountain ranges are largely composed of volcanic materials, erupted 
along lines of weakness in the earth’s crust. The cones thus formed assume 
somewhat linear arrangement, and the ranges may be considered volcanic 
even though they rest upon platforms of older rocks. The islands of Java 
and Sumatra and others of the East Indies are of that origin. Several of the 
principal peaks and many of the lesser ones in the Cascade Mountains of 
the United States also are volcanoes in roughly linear arrangement. 

Mountain groups that are of volcanic or laccolithic origin commonly have 
massive or compact rather than linear forms, and a few are roughly circular 
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in outline. The eroded ridges and valleys of some of them have intersecting, 
featherlike, or radial patterns or some modification of the radial relation. 
The Henr^' Mountains of Utah, and other smaller groups in the region, are 
examples o. laccolithic mountains (Fig. 121). The sediments, updomed by 
igneous intrusion, now are eroded away from the uplands and appear only 
as encircling cuestaform ridges. The San Juan Mountains of Colorado are 
the eroded remnants of a high plateau composed of lavas and volcanic ash. 
Streams and glaciers have carved it into a mountain mass of great rugged¬ 
ness and nearly radial pattern of drainage (Fig. 2J4). 

508. Volcanic Cones. In addition to the mountain masses 
caused by volcanic intrusion or extrusion, there are many notable 
examples of single volcanic mountains or volcanic cones, some of 
which are active and occasionally in violent eruption. Their general 
distribution has been noted previously (Fig. 122). Some of the great 
volcanoes are surrounded by lesser cones and also by mountain peaks 
carved by erosion in the massive uplifts of which the volcanoes are a 
part. Others stand alone. Some volcanoes of the type first noted have 
great summit elevation, but they do not all hiive great local relief, 
since they stand upon foundations of great altitude. A number of 
those that stand alone upon lowlands are famous for their beauty of 
form. Although not many of 
them reach high altitudes, 
some have great local relief 
because they rise practically 
from sea level. The peak of 
Fuji (not now an active 
volcano), in Japan, is not 
quite 12,400 ft. above the 
sea, but the mountain is a 
tall and striking landscape 
feature because it stands 
alone and reaches its full 
height within about 15 miles 
of the sea (Fig. 255). Some 
other cones of great fame or 
beauty of form are Mount 
Egmont (not active), in New Zealand; Mount May on, in southern 
Luzon; Etna, in Sicily; and Vesuvius, near Naples. Such famous 
American volcanic cones as Mounts Rainior, Hood, Shasta, Popo¬ 
catepetl, and Chimborazo (20,700 ft.) are much higher but are not 
more inspiring sights. Even the higher Hawaiian cones (10,000 to 
nearly 14,000 ft.), although they are tall, are of less striking aspect 
than the cones first mentioned because of their flattish or domed 



Fig. 255.—The symmetrical cone of Fuji 
Mountain rises more than 12,000 ft. above Suruga 
Bay and its bordering alluvial plains. (Pkaiograph 
by //. Suito,) 
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profiles the slopes of which lie at angles which generally are between 
4 and 10® (336). 

504. The Features of Volcanic Cones. Reference has been made to 
the steep slopes characteristic of volcanic cones that erupt acid rocks (336). 
Most of the world’s volcanoes are of that type, but their cones, while they 
are steeper than those of the Hawaiian type, are by no means uniform as to 
slope or contour. Some cones that are made up largely of viscous acidic 
lavas are broadly rounded in form. Those that are composed of fine ashy 
material, which drifts readily in the wind, also are broad and low. Accumu¬ 
lations of rough, angular, scoriaceous lavas, on the other hand, will lie at 
angles as high as 35 or 40° without slumping and make the steepest cones. 

Most of the world’s great volcanic cones are of structures that may be 
called composite. They are made up of layers of viscous lava interbedded 
among layers of ash, scoria, and other forms of volcanic products erupted 
at different times. The layers are penetrated by dikes of lava which arise 
from the central duct. Through some of the lateral crevices thus opened, 
materials reach the surface and form secondary, or parasitic, cones upon the 
sides of the principal one. Tims, simple volcanoes, of the type of Mount 
May on, are nearly perfect cones, but others that dev^clop parasitic cones 
have less regular form. Because of the collection of the heavier and coarser 
ejected fragments near the volcanic vent, the upper slopes of most composite 
cones are steeper than the lower slopes. The latter are made more gentle by 
the widespread distribution of ash and alluvium, and some are productive 
agricultural land. Upon the lower slopes and in the valleys adjacent to 
volcanoes that have been recently active, however, are likely to be found 
solidified streams or flows of fresh and unweathered lava. The breaking up 
of hardened external crusts by flowage while the lava beneath still is plastic 
causes the surface of many lava flows, when finally they are cooled, to be a 
porous and jumbled mass of Idocks of .sharp scoriaceous rock of no potential 
value and difficult even to cross (Fig. 256). 

Like other highlands, volcanic cone.s are attacked by the agents of erosion 
and have features caused by them. Their flanks, especially of such volcanoes 
as those in the Cascade Mountains, that have been a long time inactive, 
are scored by stream gullies, often radial in pattern. Differential erosion 
etches into relief resistant dikes and lava flows or removes the finer ash 
and spreads it as alluvium upon the adjacent lowlands. Rain-saturated 
ash beds sometimes slump or flow as volcanic mud also, and their paths are 
marked by destruction. In middle latitudes, many dormant volcanoes have 
had their surfaces shai>ed in part by glacial erosion, 

505. Volcanic craters, the vents through which the volcanic products 
are erupted, are of great variety in form. Some are small and funnel shaped, 
especially such as are the vents of high, active, and i>erfect cones. Some, 
which are the craters of dormant and partially destroyed cones, are of great 
diameter and are believed to result from the explosive destruction of the 
upper portion of the former cone or by its subsidence through the withdrawal 
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of lava from underneath. Such enlarged craters are known as caldera. Crater 
Lake, in the Cascade Mountains of Oregon, occupies a basin formed by the 
subsidence of an ancient cone. It is about 4 by 5 miles in diameter and has a 
newer but very small cone within it. Other crater lakes of smaller size are 
not uncommon. Some of relatively recent origin are found in New Zealand, 
and others of greater age are located among the ancient volcanic hills of 
central France and the German Eifel, On the coasts of Italy and New 
Zealand arc similar crater basins, their rims breached by wave erosion in a 
way that turns them into natural harbors. 

50(). Volcanic eruptions^ even of the quiet type, are awe-inspiring phe¬ 
nomena. Molten rock seethes within the crater; steam and other gases are 
emitted; and upwelling lava spills over the crater rim. If the supply is 



'iG, 256.—Scoriaceous lava in a Rocky Mountain valley. {Denver and llh Grande 

Railroad,) 

copious, the lava flood may creep for miles, filling valleys, engulfing settle¬ 
ments, and leaving, after cooling, a rough and barren surface. However, 
most of the world’s active volcanoes have occasional eruptions of the explo¬ 
sive type. Especially are they likely to be explosive in volcanoes that have 
been for some time inactive. 

Extremely violent eruptions have been the cause of several appalling 
catastrophes. Examples often cited are the eruptions of Vesuvius in a. d. 79; 
of Krakatao, near Java, in 1883; and of Mount PeI6e, in the West Indies, in 
1902. Many other eruptions of great violence have passed with brief histori¬ 
cal record, either because the regions in which they occurred were unpeopled 
or because no witness wrote an account. The destructiveness of explosive 
eruptions arises from the suddenness of their occurrence and the nature of 
the volcanic products. In some instances rumbling sounds and local earth¬ 
quakes have given warning of a coming eruption, but of others there has been 
no warning. In a typical explosive eruption great volumes of superheated 
steam and other suffocating or poisonous gases are thrown into the air. 
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Mingled with the gases are large quantities of fragmented rock, shattered 
or blown to dust while still in the molten state by the expansive force of 
included gases. A giant black cloud of steam and dust billows skyward and 
hangs above the mountain, but eventually it drifts with the wind and is 

dispersed over large areas (Fig. 257). A 
hail of rock fragments, cinders, lapilli, 
and ash falls about the crater or even 
upon the outskirts of the cone. A blanket 
of dust settles over the leeward slope. 
Condensing steam and condensation in 
ascending air currents provide torrents of 
rain wlii(‘li are at'companied by lightning 
and thunder. Saturated with dust and 
ash, the runoff may turn into flows of 
volcanic mud which reach and bury por¬ 
tions of the bordering lowland. To the 
accompaniment of earth(jufike shocks, 
fissures sometimes o]>en in the side of a 
cone, and upon th(*m f)arasitic cone^ 
Fig. 257.—-A giant eruptive cloud may begin their growth, or from them 
hanging above Colima volcano, may issue floods of glowing lava. 

Tlic explosive phenomenon over, and 
the ])ent-up pressure released, the erup¬ 
tion is likely to continue more quietly. Mthough not all eruptions involve 
the extrusion of lava, it is commonly the case that lava and the quiet 
emission of steam bring the period of eruption to a close, and there 
ensues a period of quiescence which lasts for months, years, or, in some 
volcanoes, hundreds of years. 

Stream-eroded Details of Mountain Surface 

507. It has been indicated above that the distinctive features of 
mountains, whatever their manner of origin, include great height and 
local relief, as compared with the other major groups of landforms, 
and small summit area. In addition to these and other common features 
every mountain range has an abundant detail of minor relief features 
which give it individuality. These include the depth and shapes of 
the valleys, the patterns of the minor ridges and spurs, the prevalent 
slope angles, the heights and forms of the summits, the presence or 
absence of perennial snows, and the nature and distribution of vegeta¬ 
tion. While the height of mountain masses and other of their major 
features result in part from the operation of tectonic forces, the minor 
relief features to a large degree are of erosional origin, and they are of 
different forms because of differences in rock structure, climatic con¬ 
dition, and stage of erosional development, the same conditions 
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referred to so often in other conneotions. Some of the more important 
of the erosional forms may be considered at greater length. 

508. Valley Forms. Mountain streams usually have the high 
gradients of youth. A few have not. The latter are the occasional 
major streams that have reached grade or those minor streams the 
erosional progress of which is held up by a temporary baselevel. Such 
streams meander in flat-bottomed alluvial valleys. In others, rapid 
downward cutting discovers rocks of unequal hardness and develops 
falls and rapids. Vigorous 
downward erosion develops 
also the V-shaped trans¬ 
verse profile of youth (Fig. 

258). Under recent cutting 
in resistant rock the V is 
narrow, and the valley a 
gorge or canyon, but more 
commonly it is broadly 
open. The Royal Gorge and 
several oilier canyons which 
cut into th(' Front Range 
of the Rocky Mountains 
are examples of stream- 
eroded valleys of the narrow 
and steep-sided type. Some 
streams in cutting through 
rocks of unequal resistance 
erode valleys that at their 
headwaters are broad and 
then narrow to gorges, sub¬ 
sequently opening out again 
downstream. Such a nar¬ 
rows, or gorge, is sometimes 
utilized as a site for the economical construction of a dam to impound 
water in a great reservoir which will lie in the more open upper part 
of the valley. 

Some streams flow parallel with, rather than across the trend of, 
the rock structure and tend to shift their valleys sidewise down inclined 
strata by undercutting. This produces a cuestaform ridge and a valley 
with one wall steeply and the other gently inclined. The different 
degrees of slope of the two walls commonly are reflected in contrast¬ 
ing manners of human use of the land on opposite sides of such a 
valley. 



Pig. 258.—Rapids at the bottom of this Rocky 
Mountain gorge emphasize the youth of its profile. 
(Photograph hy DeCott, from Ewing Galloway.) 
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The relatively rapid erosion of mountain slopes tends to expose 
rocks of unequal resistance and to produce angular and sharply defined 
contours. The tendency is less evident in low than in high mountains 
and in warm humid climates than in those that are prevailingly cold 
or dry. However, in most mountain valleys the slope, as viewed from 
a distance, is interrupted by steep declivities at the outcrops of resist¬ 
ant formations and by more gently inclined benches, or terraces^ where 
the rocks weather more readily. Benches of that origin make possible 
the agricultural use of some valley sides the average slopes of which 
would render the tillage of the soil impossible. 

Mechanical weathering is rapid on the exposed upper slopes of 
deep mountain valleys. Blocks of rock, dislodged by frost, fall below. 
There they accumulate as tabis slopes^ the upper parts of which com¬ 
monly include coarse newly fallen blocks piled more steeply than 
the older and more weathered rock beneath (Fig. 266). At the mouths 
of steep ravines on the valley walls the talus piles are particularly large 
and tend there to be cone shaped. Such piles are called alluvial cones 
or gravity cones, and they are like the upper ends of steep alluvial fans, 
into which they merge without sharp distinction. 

509. AIountain Upland Forms. Divides. Between mountain 
valleys arc uplands, persisting remnants of the original elevation. 
Rainfall on these uplands separates according to the surface slopes 
and descends by countless rivulets into adjacent valleys, modeling 
the upland as it goes. The uplands are, therefore, properly called 
“water partings,” or divides. The minor spurs, or extensions, of the 
upland serve merely as divides between small tributaries of the same 
stream. Uplands in more strategic locations may part the waters of 
great river systems, and some separate the drainage destined for 
opposite sides of a continent. The latter are called continental divides 
(Fig. 252). 

On some mountain uplands the divide is a conspicuous feature. 
Rock structure and the process of erosion combine to produce a bold 
and narrow ridge upon which the water parting is a sinuous line almost 
as sharply defined as the ridge of a house roof. On others the divide is 
not so well defined, since the uplands are in fact elongated plateaus, 
so frequently and so deeply cut by valleys that they appear mountain¬ 
ous but are not characterized by a definite crest. 

510. Mountain Foothills and Spvsrs, The lowest and least massive 
features of mountain uplands are the foothills and spurs that fringe 
the principal highlands. Foothills are of many kinds, and their forms 
generally reflect conditions of climate and of rock structure. About 
some mountains, beds of unconsolidated sediments have been elevated 
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and then maturely eroded into foothills of the badland type. At the 
bases of other mountains are linear foothills which are the outcrops 
of bordering sedimentary strata. Along the eastern front of the Rocky 
Mountains in Colorado, for example, sedimentary rocks, bent uf>ward 
by the mountain-building process, have since been eroded into sharp 
cuestaform ridges and valleys which parallel the mountain front. Their 



Fig. 259.^ —Foothills of the hogback ridge type parallel the Rocky Mountain front, 
near Boulder, Colo. The mountains are still farther to the left. {PJiotograjjh by H. A, 
Iloffrneiffter.) 

escarpment slopes face steeply toward the mountains, and their dip 
slopes incline toward the bordering plains (Fig. 259). Linear foothills 
of that type are called hogback ridges. 

Mountain spurs are the fringing projections of a mountain mass 
into the flanks of which tributary valleys are etched. In a youthful 
stage of erosion the spurs are likely to be abrupt, and, as they approach 



Fig. 260. —Overlapping spurs in the youthful Rimac Valley in the Andes of Peru. 
The steepened lower slopes indicate a renewed vigor of stream erosion. {Courtesy of 
Ecorwviic Geography and Preston E. James,) 

the irregular course of the main stream from opposing uplands, they 
may even overlap, obscuring the view up or down the valley and 
complicating the problems of transportation (Fig. 260). Mountain 
spurs with their alternating valley heads create complicated patterns 
of relief, and some are so difficult of access that they are areas of 
extreme isolation. 
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511. Mountain peaks are the distinguishing features of mountain 
uplands. Their varied forms hold much of the attractiveness of moun¬ 
tain scenery. Some mountain peaks are the result of faulting, and 
many are volcanic cones superimposed upon volcanic or preexisting 
uplands. By far the greater number of the countless mountain peaks 
of the earth, however, are the result of differential erosion in the up¬ 
lands of which they are a part. Owing to superior resistance, to condi¬ 
tion of structure, to accident of position, or to other causes they have 



Fig. 2(51. —Brown Pass, in Glacier National Park, viewed from a higher one. The 
saddle shape of this notch is distinct. The white arrow point touches the crest of the 
pass, which also is a part of the continental divide. (National Park Service^ U, S. 
Department of the Interior.) 

been protected from erosion while adjacent rocks have been reduced 
to lower levels. Of a whole tectonic uplift the serrate sky line of a 
rugged mountain range, therefore, may mark only a narrow remnant, 
into which deep notches already have been cut. Indeed, it is the notches 
that distinguish the peaks. Each notch marks the erosional progress 
of a valley or gulch which, through headward erosion, is gnawing at 
the flank of the range. Some deep notches result from the headward 
approach of two valleys, one on either side of the range, toward the 
same part of its crest. 

512. Mountain passes are the more accessible, and usually the 
lowest, notches across a mountain barrier (Fig. 261). They are lower 
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than the general level of other notches because of more vigorous 
erosion by opposing headwater streams or because of the erosion of 
glaciers. They are more accessible because larger valleys lead toward 
them. 

513. Features of Mountain Passes, Because passes are approached from 
either side by steep valley gradients and are flanked, right and left, by 
mountain peaks, they are distinctly saddle shaped. Milner Pass, over the 
Continental Divide in Colorado, lies at an elevation of 10,758 ft. above sea 
level. On either side peaks rise more than 1,000 ft. higher, and the divergent 
valleys fall away sharply between. So narrow is the crest of this high pass 
that the head of the tributary to the east-flowing Cache la Poudre and that 
of the west-flowing Colorado are less than a mile apart. Many passes are 
narrow, but their water partings do not always slope equally on either 
hand. Peaks of 9,000 ft. elevation face each other across the St. Gotthard 
Pass, Switzerland (elevation 6,930 ft.), in which a tributary from the south¬ 
flowing Ticino River and one from the north-flowing Reuss approach within 
a few yards of eacli other. However, owing to conditions of rock structure 
and erosion, this saddle has very unequal slopes. The road from Ariolo, on 
the south, ascends, by many curves, more than 3,000 ft, in a little over 3 
miles, but the road continues northward more than 8 miles before it has 
descended 3,000 ft. A railroad that follows these valleys across the range is 
unable to climb the final steep approaches of the pass and makes its way 
by tunnel underneath. 

Not all passes have such steep approaches as those indicated above. 
Yellowhead Pass lies at an altitude of only 3,7i28 ft. in the midst of some of 
the highest peaks of the Canadian Rockies. It is a part of the Continental 
Divide, and it parts the headwaters of two great streams, the Pacific-bound 
Fraser and the Arctic-bound Athabaska, by less than a mile. Yet, a railway 
traverses that pass over a grade so gentle that it is liardly noticeable. There 
are many important passes of that kind. 

Mountain Glaciers and Glacially Eroded Mountain Features 

514. The Importance of Glacial Sculpture. Stream erosion 
is, without doubt, the major process involved in the primary carving 
of mountain masses. The great valleys, ranges, and peaks of most 
mountains were begun, and many were brought to their present forms, 
by the work of running water. Countless others, however, have been 
changed by the unmistakable, sculpture of mountain glaciers. In large 
part, these features are now abandoned by glaciers and are left to the 
further work of running water but so recently abandoned that they 
are as yet little changed. 

High mountains, even in the tropics, project above the line of 
perennial snow. Others, not so high, were snowcapped during the most 
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recent glacial period. So common are the forms of mountain glaciation 
that they have greatly influenced the popular ideas concerning the 
features of mountains in general and of the grandeur of mountain 
scenery. The snowcapped peak, the ice-filled valley, and the carvings 
and fillings of former glaciers attract and inspire the mountain visitor 
as other kinds of mountain features cannot. 

515. Mountain Snow Fields. Snows are common to all high 
mountains. In middle and high latitudes the winter mantle of white 
settles even over the lower slopes, save where exposed flanks are cleared 
by the sweep of the wind. The seasonal alternation from winter white 
to the variety of warm-season colors produced by rock and vegetation 
works a profound change in the landscape. The snows of many moun¬ 
tains are, however, permanent. They owe their preservation to the 
decrease of temperature with altitude. Consequently, the lower limit 
of permanent snow is high in the tropics, but in the subpolar regions it 
approaches sea level. In regions of similar temperature the snow line is 
lower where snowfall is abundant and higher where it is not abundant. 
In the same locality it is highcT on mountain sides exposed to strong 
insolation and lower on the shaded sides. If these many variations 
are allowed for, it may be said that the low(»r limit of permanent snow 
in the tropics is from 14,000 to 20,000 ft. above sea level. In middle 
latitudes it is at elevations of from 5,000 to 10,000 ft.; and on the mar¬ 
gins of the polar regions it varies from 2,000 ft. down to sea level. 

516. Mountain glaciers are themselves irrij)ortant relief features, 
apart from the mountain forms caused by their erosion. Fed by fre¬ 
quent snowfall, a highland snow field becomes heavy. Portions of it 
slip and plunge by avalanche into the nearest valley head (Fig. 262). 
There the deepening mass undergoes a change and recrystallizes from 
the uncorapacted form. First it becomes granular, but finally it is 
welded by its own melting and refreezing into solid ice. Some small 
bodies of it collect temporarily upon rock ledges only to spill over the 
edge by their own growth and expansion and to reform below. Such 
are called cliff glaciers. 

Ultimately, however, the main accumulation in a valley head 
grows to such proportions that, under its own weight, it moves. In 
the form of an ice tongue it pushes down its valley, and then it is a 
valley glacier. It progresses in its own peculiar way, only to vanish by 
melting at a lower elevation (358). In its course the surface of the ice 
undergoes notable transformation. Irregularities of the valley floor 
bend and twist the solid ice causing it to open deep transverse cracks 
called crevasses. These may be expanded by melting until the surface 
is deeply corrugated. The tops of crevasses sometimes are overdrifted 
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by freshly fallen snow, setting traps for the unwary adventurer upon 
the glacier’s surface. 

Upon the sides of the ice tongue there accumulate ridges of earth 
and rocks obtained from the valley walls. Others, derived from tribu¬ 
tary glaciers or from projecting spurs, sometimes streak the center of 
an ice tongue. These, which are called lateral moraines and medial 
moraines respectively, arc conspicuous surface features of many valley 
glaciers (Figs. 262, 236). 



Fig. 202.—A mountain glacier and its snow fields. Oevasses are visible in the nearer 
ice. Ridges of lateral moraine flank the ice tongue, and medial moraine streaks its surface. 
{Photograph by Evnng Galloway.) 


At the lower end of the glacier wastage by melting is rapid, and the 
load of earth and rock debris increases in proportion as the ice mass 
shrinks and may bury it entirely. Upon accumulation it forms end 
moraines, crescentic in ground plan and confined within the valley 
width. In other respects they are similar to the end moraines of con¬ 
tinental glaciers. Morainic ridges deposited at the successive recessional 
positions of former valley glaciers during their wastage are found in 
many mountain valleys. 

Some valley glaciers, especially those of coastal mountains in high 
latitudes and in regions of marine west-coast type of climate, are so 
abundantly provided with snow that the ice tongues extend to the sea. 
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That is notably true at present of a part of the coast of Alaska, and 
it has been true of more extended coasts in the past. Glaciers that 
reach the sea do not waste in the usual manner. Like those that descend 
from the ice plateaus of Greenland and Antarctica, they are broken off 
in sheer ice cliffs by the buoyant force of sea water upon the ice margin 
(478). They also give rise to icebergs, although few of the latter are so 
large as those that drift away from Greenland (Fig. 263). 

517. The Features of Tce-scoitred Mountain Valleys. Ice 
erosion in a mountain valley proceeds so differently from stream erosion 



Fig. 263, —In the foreground is floe ice. It has toppled off the front of this Alaskan 
glacier, which descends to sea level. The separation leaves the ice front sheer. 
{Ui S, Geological Survey Photograph.) 

that the surface features that it creates are unmistakable long after 
the glacier has vanished. The typical ice-scoured valley is deepened; 
its sides are oversteepened; and its bottom is widened and rounded. 
Its transverse profile, as compared with that of the stream-eroded 
valley, is U-shaped rather than V-shaped. Ice scour also tends to 
remove the tips of overlapping spurs in a valley and to straighten it 
into a trough (Fig. 264). 

Although the broadened valley bottom is made more usable as a 
result of glaciation, especially if it is left with a mantle of drift, its 
slopes are rendered less so. The steepening of the lower slopes in some 
ice-scoured valleys is carried to a high angle. Even for some distance 
above the level formerly occupied by the glacial ice the valley wall is 
made steep and rugged by the undermining of its base. Above these 
precipitous slopes commonly there are gentler inclines, ice scoured and 
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smoothed sometimes but not oversteep. Generally they are above 
timber line and are covered by grasses and forage plants - which serve 
as summer pastures. Such are the high pastures, or ‘‘alps,” of Switzer¬ 
land; the “field beite” of Norway with their “saeter” or summer 
dairies; and some of the mountain pastures of western United States. 
Above them rise the peaks of the higher mountains (Figs. 265, 272). 



Fig. 264.—An air view of the glaciated Torngat Mountains of Labrador. A long 
ice-scoured valley curves into the distance, where it is flanked by cirques. Other cirques 
arc to be seen at the right center and the background. Note the alluvial delta fan and 
the lake in the foreground. {Photograph by Ewing Galloway.) 

518. The longitudinal valley profile produced by ice erosion 
does not always slope continuously downward from Jthe valley head. 
The valley ice is able, because of its depth, to ride up and over minor 
obstructions of hard rock in its bed. Moreover, morainic dams interrupt 
the present valley gradient. Most glaciated valleys have one or more 
basins, and some have a succession of them, in which impounded 
drainage creates lakes, ponds, or marshes. In valleys of flat gradient, 
especially near the margins of mountain regions, glacial deepening and 
morainic dams are capable of providing basins of large size. The basins 
of the beautiful Lakes Maggiore, Como, and Garda, at the southern 
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base of the Alps, are of that origin (Fig. 6). So are those of the several 
long lakes in Glacier National Park, Lake Louise in the Canadian 
Rockies, and many lakes in the Andes of southern Argentina. 

519. Tributary valleys entering an ice-scoured mountain valley 
commonly exhibit a relation to it unlike that of the tributaries to a 
stream-eroded valley, which normally join at a common level. During 
the occupance of a valley by ice, the drainage of its tributary valleys. 



Fig. 265.—A glaciated Alpine valley. Below is a graded valley floor of drift and 
alluvium. It is flanked by a wall oversteepened by glacial scour. Above that are alpine 
meadows {cdps) and hanging valleys. Streams from the latter discharge in falls such 
as that visible at the right. The height of the wall may be judged by the houses and hotel 
on the level valley floor. (Photograph hy Eunng Gallotimy.) 

whether it is water or ice, tends to flow out upon the top of the ice and 
not into the bottom of the main valley. While the main valley is being 
deeply eroded by the glacier the erosion in the tributary valleys is 
generally much retarded, and it may be stopped entirely. After the 
withdrawal of the ice from the region, the level of a main valley floor 
may lie tens or even hundreds of feet below the ends of its tributary 
valleys. The latter appear as notches upon the side of the wall of the 
oversteepened main valley and are called hanging valleys (Figs. 265, 
266). The streams issuing from them must plunge in rapids or sheer 
falls to reach the main valley floor. Falls of that kind are of great scenic 
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attraction and are exemplified by the falls of Yosemite Valley, Cali¬ 
fornia, and many others in the Rocky Mountains, Switzerland, Nor¬ 
way, and other regions of mountain glaciation. They also are most 
convenient places for the development of water power. Even a small 
stream, with so great a fall as some hanging valleys provide, can 
develop an astonishing quantity of power. 

5‘^0. The valley head, in a region of mountain glaciation, is the 
collecting ground for the snow which crystallizes into a glacier. At this 



Fig. —Scenery of glacial origin in the Canadian Rockies. At the right is a 
cirque lake. Its drainage falls to the level of the .second lake, and from that it must fall 
far below to the level of Lake Louise, a little of which may be seen at the left in the 
main valley. {Photograph by DeCou, from Etving Galloway.) 

point a plucking erosion beneath the forming ice broadens and sharply 
steepens the valley head until it assumes the appearance of a giant 
stone quarry driven into the mountain flank. Such a valley head is very 
different in appearance from the pointed ravine end caused by the 
headward erosion of running water. The head of the typical ice-scoured 
valley is rounded, steep sided, and amphitheater shaped. It is called a 
cirque (Figs. ^64, 266). Commonly the bottom of a cirque is more 
deeply eroded than the valley just beyond it, causing a rock basin. The 
existence of a small lake there adds beauty to the grandeur of the sheer 
rock walls. Iceberg Lake in Glacier National Park lies in a cirque the 
walls of which rise 2,500 to 3,000 ft. That cirque is only one of hun- 
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dreds, large and small, in the heavily glaciated mountains of North 
America. They are abundant also in the glaciated peaks of Europe, 
Asia, South America, and New Zealand. 



Fig. 267.—The cirque wall and part of the comb ridge at the head of Grinell Glacier, 
Glacier National Park. This is part of the “Garden Wall,” and the (Continental Divid<* 
lies along it. On the crest line at the extreme left is the notch of another cirque, seen from 
the rear side. 


521. Glaciated Mountain-upland Features. In contrast with 
stream-eroded mountains, those whose features result from glacial 
scour exhibit great sharpness of detail. Some ranges are flanked on 



Fig. 268. —The Matterhorn, a roughly quaUraiigular peak resulting from the headward 
encroachment of four glaciers. (Photograph by Ewing Galloway.) 

either side by cirques. Erosion of the plucking, or quarrying, type at 
the bases of the cirque walls has reduced the width not only of the 
spurs between adjacent cirques but also of the mountain range, until 
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there remains little more than a “knife-edge” divide. So close is the 
approach of some opposing cirques that in places the thin divide 
between them crumbles through, leaving the crest merely a row of 
alternating pinnacles and notches. These are called “comb ridges.” 
The “Garden Wall" in Glacier National Park is such a ridge, and it 
happens also to be the Continental Divide (Fig. 267). Some of the 
broader and more accessible of the notches so made are used as passes. 
Gunsight, Piegan, and other passes in Glacier Park and many else¬ 
where are of that origin. 

High mountain peaks, their bases whittled by quarrying ice erosion 
in flanking cirques, are reduced to sharpened remnants. They com¬ 
monly assume steep and angular contours. In the Alps such peaks are 
called “horns," of which the roughly quadrangular Matterhorn is a 
notable example (Fig. 268). 

The Shore Features of Hill and Mounlain Regions 

522. Distinctive Features. The bold and striking features of 
all hilly and mountainous coasts give them a certain unity of landscape 
quality. They are not all alike, either in their approachability or in the 
features that affect their various degrees of human utility. However, 
they have at least one thing in common. A highland barrier separates 
the shore, whatever its origin and outline, from any hinterland that 
may be reached through it. From the standpoint of cultural geog¬ 
raphy, such a coast is different from the coast of a plains region, even 
though its shore outlines may be much the same. 

The major shoreline features of mountain coasts, like those of 
plains, are determined largely by their recent diastrophic and grada¬ 
tional history. Shorelines of submergence contrast sharply with those 
of emergence, and some show the complicated features added by wave 
and current deposition. Attention is here directed to some of the 
principal shore and coastal features of the highlands and to the ways 
in which they differ from those of the lowlands. 

523. The Shorelines and Features of Uplifted Highland 
Coasts. Shorelines of recently uplifted mountain coasts are simple 
and regular in outline. The 6,000 miles of shore bordering the growing 
mountains and coastal hills between Oregon and the 40th parallel in 
Chile is remarkable for its regularity. In that entire distance there are 
only a few coastal indentations sufliciently large or well protected to 
be good commercial harbors. The tectonic disturbances which are 
responsible for the elevation of the coastal highlands have involved 
also the formation of ocean deeps offshore. On most parts of this coast 
the continental shelf is narrow or lacking, and even the greatest waves 
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break directly upon the shore. Because of this the irregular curves pro¬ 
duced by the emergence of a faulted coast are rounded into sweeping 
curves by the erosion of headlands and the filling of indentations. Bold 
rocky capes and wave-eroded cliffs predominate. Some of them have 
rockstrewn bases and are bordered by the shallow waters of wave-cut 
terraces. Others have fringes of beach. Although some of the cliffs 
are of great length and steepness, they generally are broken at intervals 
by the curving beaches of small aggrading lowlands or by the spits and 
bay bars that obstruct the mouths of unfilled coves. 

The onshore features of this rising mountain coast exhibit, in 
much of its great extent, clear evidence of its elevation by stages and 



Fig. 269. —Marine terraces on the coast of California, near Los Angeles. The step¬ 
like profiles of cliffs and terraces may be seen in the distance, the surface of one of the 
terraces in the foreground. 

presumably by faulting. The most obvious marks of elevation are seen 
in distinct wave-cut cliffs and marine terraces, now far above sea level. 
Some of the stages between successive elevations were sufiSciently 
separated in time so that during each a new wave-cut cliff, with its 
bordering terrace, was eroded. In many places, from California to 
Chile, the coastal profile rises in series of giant steps, of which one 
section of the California coast has 10 or more. Some of the highest are 
more than 1,500 ft. above present sea level. Most of the individual 
terraces are not highly continuous, since they are interrupted at 
frequent intervals by local changes of level during their formation 
and by stream gullying since the time of their uplift. However, 
their gently sloping platforms provide many acres of tillable land on 
coastal slopes that would otherwise be too steep for cultivation 
(Fig. «69). 


mountains 


455 


524. The Shorelines and Features of Submerging Highland 
Coasts. Mountains and hills of stream erosion, when partially 
submerged, have shorelines of great irregularity. As on a submerging 
plain, the sea creeps into every coastal valley and makes a bay. Owing 
to the steepness of stream gradients in highland regions, the same 
number of feet of submergence would produce a larger bay on a lowland 
than on a highland coast. However, highland coasts are more likely to 
have large changes of level than are those of lowlands. Between the 
bays, each ridge and mountain spur forms a hilly peninsula, rocky 
promontory, or island. This is the highland type of ria shoreline. Its 
features and outlines are of many varieties, but whatever their details, 
they are sheltered coasts. Commodious bays, abundant shelter, and 
good anchorage are to be had at many places. Bayhead sites upon 
stream-eroded slopes or small delta plains furnish excellent locations for 
(‘oriiniercial ports, but the inferior productivity and low penetrability 
of rough hinterlands do not favor port development. 

525. Highlands vylth ria shores have many examples. They are 
particularly extensive and varied as to detail in western Europe and 
thc‘ Mediterranean borders. They include the shore of northwestern 
Spain, th<‘ Gulf of Corinth and other deep indentations upon the shores 
of Greece, and the highly irregular shores of the Aegean and Adriatic 
Seas (Fig. 251). Other examples of highlands with ria shorelines 
are found on the coast of Japan and the long hilly coast of South 
China. 

526. The shorelines and coastal features of glaciated 
mountains have much the same relation to those of mountainous ria 
coasts that glacial mountain features have to stream-eroded mountain 
features. Both shorelines and coastal profiles show the effects of ice 
scour. Long, steep, peninsular headlands alternate with narrow, deep, 
and sheer-walled bays, some of the latter having unusual length. 
Indeed, the number and configuration of the bays are what particularly 
distinguish the ice-scoured coast. They are of great variety in shape, 
and doubtless some are merely rias, their shapes slightly modified by 
ice scour. Many, however, are submerged, glaciated, U-shaped moun¬ 
tain valleys. To these long narrow arms of the sea the Norwegian name 
fiord is applied. Fiorded coasts provide some of the finest scenery in 
the world. High mountain uplands are there, their summits seldom 
visible from the narrow fiord below. High and rocky walls, mist 
shrouded, rise on either hand, and occasional cascades plunge from 
the mouths of hanging valleys. Sharp bends and rocky islands obstruct 
the view, and a narrow horizon seems to shut out the world and create 
complete isolation. Yet the quiet waters of the fiord are easily acces- 



456 TllK PHYSICAL ELKMENT8 OF GEOGRAPHY 

sible, since they are so deep that they may be navigated in safety* 
even by ocean-going ships (Fig. 270). 

The principal regions of horded mountain coast are in the higher 
middle latitudes where, during the glacial period, many valley glaciers 
descended to sea level. The fiords are best developed in highlands 
that are characterized by the marine west-coast type of climate, 
where abundant orographic snowfall fed the many Individual glaciers 
that occupied, deepened, and reshaped as many preglacial stream 
valleys. The great hords also are found within the flanks of the higher 



Fig. 270.—A view from the head of a fiord in Norway. The village occupies a small 
delta but the rocky island, the steep walls, and the presence of the ship indicate deep 
water. {Photograph by Ewing Galloway.) 

coastal highlands. Coasts having deep fiords and intricate pattern are 
(a) the west coast of Norway, (6) the west coast of North America 
from Puget Sound to Alaska, (c) the coast of southern Chile, and 
(d) the west coast of South Island, New Zealand (Fig. 271). Others of 
low altitude and less grandeur are parts of the coasts of Scotland, 
Iceland, Greenland, Labrador, and the Arctic islands. 

527. The Origin and Shapes of Fiords. It is probable that many fiords 
are ice-scoured mountain valleys which have been submerged by diastrophic 
changes of level since the time of their formation. In some the great depth 
of the water can hardly be explained otherwise. It is probable also that 
mountam-valley glaciers discharging into the sea are able, by reason of the 
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great depth or thickness of the ice tongues, to erode their valley floors well 
below sea level. After the disappearance of the ice the valley floor is occupied 
by sea water, sometimes deeply and far inland. Some fiords are continued 
inland by U-shaped valleys and end in cirque valley heads, a few of which 
still contain glaciers (Fig. 27^2). 

Like other glaciated mountain valleys, fiords are comparatively regular in 
outline and have less of branching channels than rias. The latter also. 
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because of their river origin, usually become progressively more shallow 
inland. Many fiords, on the other hand, because of the greater vigor of icc 
erosion near the glacier head, are deeper near their landward than toward 
their seaward ends. Moreover, submerged morainic deposits near the outer 
ends of the fiords tend further to shallow the water there. In any case, most 
fiords have ample depth for navigation, and, as harbors, their deficiencies 
are not so much in the lack of adequate depth of channel as in bottoms 
sufficiently shallow so that the anchor chains of ships can reach them. 
Portland Canal, a fiord that forms part of the boundary between Alaska 
and British Columbia, is 90 miles long, from J mile to 2 miles wide, and, in 
mid-channel, has water ranging from 90 to 1,^50 ft, in depth. The Sogne 
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Fiord, the longest in Norway, has a length of 11^ miles, an average width 
of 4 miles, and its water reaches a maximum depth of 4,000 ft. 

Although most fiords are deep, many of them are not long. Submerged 
valleys at right angles to the coast join with cross valleys in bewildering 
complexity. In some places their arrangement lias a crudely parallel or even 
rectangular pattern which suggests a relation to joint planes or other 
structural features in the rock. Especially near the seaward margins of 
some fiorded areas, tlie ice-scoured channels are so numerous and so varied 
in direction that the rocky coast is dissected into thousands of island 
blocks, some large and mountainous, others mere rocky points of great 



Fig. 272.— A view down the U-shaped Vidde Valley, Norway. Note the Langin/;' 
valley and the fact that the mountain spurvS have been truncated or trimmed off (cf. 
Fig. 260). The white line of a cascading brook may be seen just left of the building. In th<‘ 
foreground is a mountain dairy farm or saeter, {Underwood and Underwood,) 

menace to navigation. The island fringe of Norway is called the Skjaergaard, 
or skerry guard (Fig. 273). Many of the cross fiords are so arranged that, 
together, they make a channel that parallels the coast and is sheltered on 
the seaward side by an almost unbroken succession of mountainous islands 
and rocky skerries. By this angular passageway most of the 1,000-mile 
route from Stavanger to North Cape, Norway, may be made with protection 
from the waves of the open Atlantic. A similar “inside passage,*’ in places 
extremely narrow and tortuous, extends over the equally long route from 
Seattle, Wash., to Skagway, Alaska. Still another affords nearly 500 miles 
of protected route between the Straits of Magellan and the Gulf of Penas, 
on the coast of Chile. 

On the coasts of glaciated hill regions submerged valleys are not so long, 
so deep, or so straight sided as the fiords of mountain coasts. This is par- 
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ticularly true of hill regions that were overridden by glaciers of the continen* 
tal type rather than by valley glaciers. Under those conditions the hilltops as 
well as the valley bottoms are ice scoured, and there is not the great over¬ 
deepening of the valleys characteristic of fiords. To distinguish the somewhat 



Fig. 273. —The ice-seoureci coast of Nomay, near Bergen. The map illustrates the 
pattern of the fiords on that part of the coast and the distribution of islands in the 
skerry guard. {Redrawn from Topografisk kart over kongerigcl Norge.) 

broad, irregular, hill-bordered bays that have been somewhat modified in 
shape by glacial scour the term fiard has been employed. Some of the bays 
of eastern Canada and Newfoundland and those of the hilly lowland coasts 
of Sweden and Finland are of that type. Between fiords, fiards, and ice- 
scoured rias, of the type seen on the coast of Maine, there are intermediate 
features of endless variety in size and shape. 
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528. Human Dependence upon Earth Resources. Each part 
of the earth is equipped by nature in certain ways that set wide or 
narrow limits upon its jiotential human use. It is the number, kind, and 
association of these items of natural endowment that help to establish 
the individuality of regions. The list includes conditions of climate and 
the physical features of the land surface. These already have been 
discussed at length. However, there are other elements of regional 
equipment that are materials of the earth’s composition or of its 
natural vegetable or animal life. These are not grown or manufactured 
by human enterprise but exist as parts of the natural earth. Unlike 
climate and landforms, they actually are used by man, and, because 
they either are obtained from the natural earth or exist in or upon it, 
they are called natural resources, or earth resources. 

Since the beginning of human existence man has directed his 
activities with reference to such earth resources as he knew how to use 
for his own benefit. Among the most primitive men the list was not 
long. Water, roots, seeds, fruits, fish, and game supplied food and 
clothing. Wood and carefully chosen stones yielded shelter, weapons, 
and implements. A little earth and some native metals were used in 
making other utensils and articles of personal adornment. The advance 
of material civilization has increased the number of earth substances 
required and both the degree and the variety of human dependence 
upon these natural goods. 

Modern society requires water, as did the old, but in such quantities 
as never before. The natural supplies of plants and animals long since 
have proved inadequate, and cultivated or domesticated species have 
supplemented or replaced them. Yet those provided by nature still 
are in demand. New woods and new metals have created new uses; 
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their application to modern industry has increased the requirement 
for them a thousandfold and has woven them into combinations whose 
patterns are constantly changing. The dependence of i^resent civiliza¬ 
tion upon certain (‘artli resources has grown so rapidly in recent 
decades that few people realize how different the present is, in that 
respect, from even the recent past. It is estimated, for example, “that 
in a hundred years the output of pig iron, copper, and mineral fuels 
has increased a hundredfold; that more mineral resources have been 
mined and consumed since the opening of the [present] century than 
in all preceding history.’’^ Because of their vital importance in modern 
affairs, an understanding of the occurrence and distribution of the 
natural, or earth-given, resources is as fundamental to an appreciation 
of the broader problems of geography as is a knowledge of climate or 
landforms. 

529. ('lassks of Earth Resources. The natural resources 
available for tlie use of man are of two principal classes: inorganic 
and organic. In the former class are found tliose gaseous, liquid, or 
solid earth components that have value for dirtict human use or as a 
basis for the production of other necessary goods. Such are water, the 
mineral fuels, the metalliferous ores, building stones, and the valuable 
chemical raw materials of earth or air. Organic resources are such as are 
derived from the natural plant and animal life of vario\js parts of the 
earth. Among them are wood, natural pasture, wild game, and fish. 
The soil, a resource of fundamental importance, is made up of both 
inorganic and organic components. With the inorganic rock fragments, 
which are the basis of soils, are mingled variable quantities of plant 
and animal remains and a world of microscopic organisms. Some 
organic forms in the natural environment of man can hardly be called 
resources. Worthless or poisonous plants and certain forms of insect 
or of microscopic life are parts of the natural'equipment of areas, but 
they constitute hazards to life and the ability to make a living just as, 
for example, certain aspects of climate do. However, comment upon 
that phase of the subject of earth resources falls beyond the scope of 
this textbook. The resources to be considered in the following chapters 
of this section of the book are (a) water, (b) the biotic resources, 
(c) soil, (d) the mineral fuels, and (e) ores and other economic minerals. 

There are some natural resources, both organic and inorganic, of 
which man may use as much as he desires without fear that the supply 
ever will be exhausted. Such may be called the inexhaustible resources^ 
and air, sand, or common clay are examples of the class. Others, 

^Leith, C. K. “World Minerals and World Politics.'* p. 3, McGraw-Hill Book 
Company, Inc., New York, 1931, 
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although the supply may be limited in quantity, tend to replenish 
themselves when they are used. These may be called the renewable 
resources y and water, wood, and natural pasture illustrate the class. 
Still others, such as coal, iron, or chemical salts, have required the 
operation of natural processes through the geologic ages for their 
accumulation. When once they are used they are gone forever. Such 
may be called nonrenewable resources. 

530. The Conservation of Earth Resources. The dependence 
of modern society upon a variety of critically important earth resources 
is well known. There is nothing to indicate that future generations 
will not need most of these resources and perhaps others that are not 
now thought valuable. Consequently, it is clear that present genera¬ 
tions are charged with a resj)onsibility toward the future, particularly 
with respect to the nojirenewable resources which now are being pro¬ 
duced or wasted in large quantities. It is, in fact, the responsibility of the 
present generation to secure to society^ both now and in the f uture^ the 
maximum benefit from the use of those materials prmnded by nature. 
The discharge of that responsibility calls for much knowledge and a 
careful balancing of the earth conditions with the human factors 
involved. Information is needed upon the following matters: (a) What 
kinds and how much of the various resources are available.^ (5) To 
what extent may the more abundant and the renewable resources b(‘ 
substituted for the less abundant and the nonrenewable(c) How may 
resources be used with the least waste, and how may luwv methods 
of production and use reduce w^aste.^ {d) In how far is it wise to sacrifice 
human energy and risk human life to save resources (c) How may 
the rights of present generations be properly balanced against thosi^ 
of the future? Efforts to gather information and solve problems 
concerning any phase of this complicated matter may be considered 
a part of the field of the coruservation of natural resources. 
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Chapter XXIJ. Water Resources 
of the Land 


531. The Vauiety of Uses of Watek. Water exceeds any other 
earth resource except air in the urgency of its need and in the quantity 
used. So many and so vital are the purposes for which it is required 
and so varied are its cpialities and conditions of supply that several 
fields of technical science are concerned with its abundant, continuous, 
and safe provision. The waters of the land are derived, either directly 
or indirectly, from atmospheric precipitation. For that reason, regions 
of abundant precipitation usually, but not always, have abundant 
supplies of water, and their inhabitants are able to use it lavishly. 
In arid regions water is the element of first importance in restricting 
the settlement and use of land, and the supply of it is used with utmost 
economy. 

Water supplies and water bodies are useful to man in many different 
ways, some of the most important of which are (a) in domestic supply, 
(6) for industrial processes, (c) for the irrigation of crops, (d) for the 
production of mechanical power, (e) as routes of inland transportation, 
and (f) in the added attractiveness that they give to scenic or recrea¬ 
tional areas. The use of water for drinking and household supply 
ranges from a small daily ration among the nomadic people of arid 
lands to the daily per capita allowance of 15 or 20 gal. which is provided 
in modern cities. That use certainly is the most important to mankind, 
but it seldom requires so great a quantity of water as some others. 
Modern manufacturing establishments, such as steel mills, textile 
dyeing-and-finishing plants, and paper mills are large users of water. 
A choice of site for such an establishment often is made because of 
the availability there of an abundant supply of water having the 
requisite chemical properties or degree of pureness. For these uses great 
manufacturing cities must supply several times as much water per 
capita of their population as actually is used in the homes. The average 
total consumption of water for all kinds of uses, in 90 cities of more 
than 100,000 population in the United States, is the equivalent of 
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about 125 gal. per day per inhabitant. The municipal system of Chicago 
supplies each day to its homes and factories an amount of water 
equivalent to 270 gal. for each of its residents.^ That city has the 
highest per capita rate of consumption of any in the United States, 
and doubtless much of it is wasted because of the abundant supply 
close at hand in Lake Michigan. 

532. Sources of Water Supply. The large quantities of water 
required by modern urban and industrial centers are obtained from 
wells, springs, large lakes, and large rivers but even more generally 
from small streams the drainage of which is stored behind dams to 
create municipal reservoirs. Only about one out of four of the principal 
American cities obtains its water supply from wells. The remainder, 
and especially the largest cities, use surface waters. However, about 
two-thirds of the total population of the country live in small cities, in 
villages, and on farms where ground water, obtained from wells and 
springs, is the principal source of sup})ly. For the irrigation of crops, 
surface waters are much more important than ground water, since the 
latter source supplies only about one-fourth of the land irrigated in the 
United States. Although the conditions found in the United States 
with respect to water supply are not rej)resentative of those to be 
found in all parts of the world, they give an indication of the retjuired 
volume of this essential resource and some measure of the relative 
importance of the sources from which it is obtained. 

The Ground-water Supply 

533. The Availability of Ground Water. It has been noted 
previously that a part of the precipitation is captured and prevented 
from flowing immediately into streams and the seas when it percolates 
downward into the pore spaces and crevices of the regolith and the 
underlying rocks. It has been noted too that, under ordinary condi¬ 
tions, the lower levels of these pore spaces are filled with water and 
that the top of the saturated zone is called the ground-water table (349). 
The water stored below the ground-water table is the source of supply 
for springs and wells (Fig- 125). 

The availability of ground water is not everywhere the same. In 
regions of abundant and well-distributed precipitation the pore space 
in the earth is likely to be well filled, but in arid regions the rapid 
evaporation of moisture and the infrequent rains do not permit of 
a deep penetration of ground water. The supplies in arid regions 
are, therefore, mainly such as move slowly, deep underground, from 
more humid regions. Frequently they are limited in quantity and are 
^ Nat, Reaourcea Board, Rept,, p. Washington, 1934. 
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to be had only in a few localities, and those places take on critical 
importance in the migration and settlement of people. Even in humid 
regions ground water is not everywhere abundant. A copious supply 
depends not only upon abundant precipitation but also upon (a) earth 
materials of sufficient porosity to absorb and store a large quantity 
of water and (6) the existence of pore space, bedding planes, frac¬ 
ture planes, or other avenues sufficient to permit a relatively free 
underground movement of water from a large storage area to the 
well or spring from which it is being removed. Beds of gravel, sand, 
loosely compacted sediments, porous sandstones, and thinly bedded 
or cavernous limestones provide these conditions. Compact clays and 
shales, massive and little-fractured igneous rocks, and some other 
formations provide but little storage capacity for water and but little 
facility for its underground flow. Springs in such rocks seldom are 
abundant, and wells are difficult to construct and limited in flow. 

534. Pore Space for Ground Water. In sandstones the pore space 
capable of being filled by water commonly exceeds 25 per cent and some¬ 
times reaches 40 per cent of the volume of the rock. In unconsolidated earth 
or glacial gravels the figure is much greater. In massive limestones there 
often is 10 per cent of pore space; and in cavernous limestones there is much 
more than that amount. In dense igneous and metamorphic rocks the pore 
space is much less. In solid granites it seldom is more than 1 per cent; and 
in some metamorphic rocks it is said to be less than one-half of 1 per cent. 
In such rocks the pores are so small that they do not readily yield the little 
water that they contain. Numerous joint cracks or structural planes in 
dense rocks greatly increase both their water-holding and water-yielding 
capacities. However, some large regions are underlain by massive and little- 
fractured igneous and other crystalline rocks from which the recovery of 
ground water is expensive and seldom adequate. 

535. The Qualities of Ground Water. No ground water is free 
from dissolved mineral, but the nature and quantity of the chemical 
salts carried in solution differ widely from region to region. A few 
dissolved minerals, such as sulphur or iron, impart to water a dis¬ 
agreeable taste or render it unfit for certain industrial processes. Some 
minerals give tonic, laxative, or other desirable medicinal qualities. 
Among the most abundant of the soluble salts found in groimd water 
are compounds of calcium (lime), sodium, and magnesium. In desert 
regions seepage waters commonly are charged with compounds of 
these and other salts to a degree that renders them almost, if not quite, 
unfit for human use. In the United States these are known bs alkali 
waters. In humid regions most of the readily soluble sodium compounds 
have been removed from the ground long since. However, limestones> 
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lime-cemented sediments, and dolomites (321) furnish supplies of 
calcium and magnesium which, although they do not much aflPect the 
taste of water, give it the quality called hardness which does affect 
its domestic and industrial utility. 

Ground water ordinarily has been filtered through the earth, 
sometimes for many years, before it is used. It is, therefore, relatively 
free from mud and other suspended materials. 

536. The Hardness of Water. The amount or degree of hardness in wat(T 
usually is expressed in terms of parts of dissolved mineral per million f)arts 
of water. Regions underlain mainly by ancient-crystalline rocks or by highly 
siliceous sands or sandstones usually have not much available lime, and 
their waters may cont-ain as little as 5 or 10 parts of hardness per million. 
These are the naturally “soft’’ waters. Water containing as much as 60 
parts still is considered soft, but if it contains more than 120 to 180 parts 
j>er million it is considered “hard” water. In regions of lime-containing 

sedimentary rocks, well waters 
in common use contain 300 to 
500 parts and, in a few places, 
as much as 700 to 800 parts 
per million (Fig. 274). Many 
wells in arid regions, and sojne 
even in humid regions, tap sup¬ 
plies of ground water so hard 
as to be unfit for use. Hard 
waters require “.softening” 
when they are used with soap 
and present serious problems 
Fig. i74.~-{Afkr U. S. National Resources Board.) industrial proce.ssc.<i 

or in the supply of steam boil¬ 
ers. Tins is because of their chemical reactions and the undesirable precipi¬ 
tates that they form. 

537. Springs. A spring is a concentrated natural outflow of 
water from underground. It may flow either continuously or inter¬ 
mittently, and its water may be either cold or warm, hard or soft. 
Springs result from a variety of conditions involving the position of 
the ground-water table, the configuration of the land surface, and the 
nature and structure of the rocks. Figure 275A illustrates the occur¬ 
rence of a spring on the side of a valley which has been eroded below 
the level of the local ground-water table. Springs of that type are 
common in glacial drift and often are the main sources of supply of 
small brooks at the headwaters of rivers. After a period of protracted 
drought the level of the ground water that supplies such a spring may 
be lowered, and it will cease to flow until the water level is raised by 
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the downward seepage of further rains. Figure 275JS illustrates the site 
of a spring caused by the 
porous formations and then 
horizontally along the top 
of an impervious rock layer. 

Sands, sandstones, or po¬ 
rous limestones, underlain 
by compact clays or shales, 
supply conditions of that 
kind and often produce 
many springs, all at about 
the same level. Figure 275C 
illustrates the manner in 
which water from a wide 
area of rocks, even those 
of low water-holding capa¬ 
city, may be converged 
upon a spring by means 
of joint and fault ])lanes. In 
some regions water thus 
collected is conveyed deep 
underground where it comes 
under tln^ influence of hot 
igneous rocks and finally issues as hot, or “thermal,’’ springs or even 
as geysers. The lattcT add to the scenic attractiveness of several regions 



Fig. 276. —Old Faithful geyser in eruption. Yellowstone National Park. This 
famous geyser attracts many tourists, and their accommodation requires a hotel and 
other facilities. 

in which they occur, such as Yellowstone National Park; Iceland; 
and North Island, New Zealand (Fig, 276 ). In those regions, geysers. 


movement of water downward through 




Fig. 275.— Diagrams to illustrate some of the 
many possible coiiaitions of surface, material, and 
structure that arc related to the oecurrence of 
springs. 
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the name of which is derived from that of one of the intermittent hot. 
springs of Iceland, are resources of considerable value, because of the 
tourist business they bring. 

Some springs drain water from far beyond the immediate localities 
in which they are found. Because they are outlets for considerable 
areas and draw upon large ground-water supplies some of them have 
large volumes and are perennial in flow. 



Fig. 277.—Mo.st of the large spring.s of the United Stat<'s occur in a few regional 


groups. Those in Florida, Missouri, and Texas mainly nre associated with areas of 


cavernous limestones, while those of Idaho, Oregon, and California occur more largely 


in porous-lava formations. 


538. Jjarge Springs, Under certain conditions of underground drainage, 
springs attain the proportions of considerable rivers. That is notably true 
in regions of cavernous limestones or of porous lavas. In such rocks, ground 
water descends from the surface through numerous openings and ultimately 
converges upon an underground channel in some volume. There are in the 
United States about 60 springs with sufficient flow so that each would 
supply all the water required by a city of ^ million inhabitants. There are 
at least a half dozen that flow with sufficient volume so that any one of 
them would supply a city of 2 million inhabitants or any city in the country 
except New York or Chicago.^ Most of the large springs of the country are 
included in four regions. They are the limestone areas of (a) northern 
Florida and (b) the Ozark region of southern Missouri; and the permeable- 
lava regions of (c) the Snake River Valley of Idaho and (d) western Oregon 


^ Meinzer, O. E. Large Springs in the United States. U, S. Geol, Survey, Water 
Supply Paper 557, Washington, D. C., 1927. 
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and northern California (Figs. 277, 278). Other regions of large springs 
are indicated in Fig. 277. 

539. The Use of Spring Waters. In the United States are thousands 
of farmhouses and not a few villages that are located upon sites originally 
chosen because spring water was found there by a pioneer settler. Large 
numbers of those springs, most of them on valley slopes, still are flowing 
and still sui)ply water for farm families. Others have been abandoned or 
have ceased to flow continuously. The drilling of many wells has drawn 
iieavily upon tlie grouml-water supply. The substitution of tilled crops for 
forest and grassland lias tended to incTcase the rate of runoff and to decrease 
correspondingly tii(‘ proportion of the jirecipitatiou that enters the ground. 
Roth these changes have diminished the ground-water supply and have 
resulted in tJie lowi;ring of the water table in many localities. This has had 
tlie effect of rendering the supply of spring water less dependable, while at 



Fid. 278.—Part of the “Thousand Springs^’ which issue from beds of broken or 
porous lava in the Snake River C'anyon, southern Idaho. (U. >S. Geological Survey 
Photograph.) 

the same time the growth of i>opulation has tended to make it less adequate 
and more subject to pollution. Still there are many relativ^ely small springs 
which ha^'e acquired local or even wider fame for the purity or reputed 
medical properties of their waters. In some localities the bottling and ship¬ 
ment of these are a considerable industry. Moreover, a few thermal and 
medicinal springs of special properties or great renown serve in various parts 
of the world as a reason for population concentration. About them have 
grown, in both Europe and America, several widely known health resorts 
and cities of considerable size. 

540. Wells penetrate the zone of saturated earth below the water 
table in order that ground water may be collected in sufficient quantity 
and lifted to the surface. Formerly wells were made only by digging 
a hole to the ground-water level, and they could not be many feet deep 
because of the difficulty of excavating them. Millions of dug wells 
still are in daily use in nearly all parts of the world, although their 
shallow and open construction makes them particularly subject to 
pollution (Fig. 279). Many dug wells have only temporary supplies 
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of water, while others are permanent. Figure 279 shows also the 
relation of three wells to a fluctuating ground-water table and indi¬ 
cates the reason for their varying degrees of permanence of water 
supply; the well numbered 1 is a modern drilled well which reaches 
below the lowest position of the water table and has never run dry; 
that numbered 2 is a dug well which reaches below the ordinary water 
table and has water at all times, except after periods of protracted 
drought; that numbered 3 is dry, except for a short time after a long 
period of rains. 

Modern deep wdls, like that numbered 1 below, are made by 
drilling a small hole scores or hundreds of feet, through surface forma¬ 
tions and the upper part of the ground-water zone, into the deeper 
waters of some known water-bearing formation, such as a jiorous 
sandstone. From a drilled well water must be lifted by a long pump 
rod through a pipe which is carefully encased to prevent the surface 



Fig. 279.—Well No. 2 is higher than No. 1 and appears to be a safer water supply 
but, in fact, it is not so because of the rock structures concerned. The stippled horizons 
indicate porous, water-bearing formations. The dashed lines show positions of the 
ground-water table; 1, in wet seasons; 2, ordinary level; 3, in dry seasons. 

waters from seeping into the drill hole and thus contaminating the 
deep-water supply. Figure 279 indicates that, while well 2 is situated 
higher up the slope than No, 1 and appears to be in a safer position 
with respect to pollution, it is in fact not so. The porous rock formation 
below the surface carries seepage from barns and cesspool directly 
toward the house well rather than away from it, as the surface slope 
would indicate. Many wells are located badly because of ignorance of 
the nature of ground-water movement and of the structure or porosity 
of the rocks that govern ground-water movement in the locality in 
which they are constructed. 

The quantity of water from deep wells, as well as the quality, 
depends upon the nature of the underlying rock and its structure. If 
the well hole terminates in a thick porous sandstone of great area^ 
extent and broad outcrop, it may yield an abundant and continuous 
supply of water. If the only rock beneath a legality is of the massive 
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crystalline type the water yield may be continuous but not abundant. 
The rock has so little pore and crevice space that its water content 
is small. The rate of flow into a well in dense rock is sometimes in¬ 
creased by using explosives at the bottom of the hole to shatter the 
surrounding rock and make numerous crevices through which the 
water of a larger area may flow in. However, some hard crystalline 
rocks are so low in water content that no device can bring about a 
sufficient flow to justify the very high cost of drilling deep wells in 
them. Shale rocks, although not hard, also commonly are compact and 
“dry,” but usually they are closely associated with other sediments 
which are ])orous. Wells in regions of cavernous limestones sometimes 
tap underground fttreams of water. Such wells may yiehl abundant 
supplies, but since the water has entered the undergrouiifl channel 
directly from the surface drainage, some of it through sinkholes, it has 



Fio. 280. A (lijigrani t<» ilhist.rate one type of artesian structur(‘. Well No. 1 (left) 
reaches the \vater-b(‘aring formation, hut its top is as high as the level of ground-water 
eii(raiic(‘, and it would require pumping. The others should provide (lowing water. 


had little natural filtering and is subject to pollution. It is likely to be 
little safer than the river waters of the same region, since the latter 
have at least been exposed to the bacteria-destroying power of sunlight. 

541. Artesian Wkees. Common use applies the term artesian 
to any deep drilled well from which water flows or in which the water 
level rises so near to the surface as to require little pumping. Originally 
the term was restricted to such wells as flow freely without pumping. 
Artesian wells are possible under any one of several sets of conditions 
of underground structure, one of which is illustrated in Fig. 280. 
The favorable situation must include the following conditions: (a) a 
water-bearing formation of sandstone or some other porous material; 
(5) the porous formation must outcrop or be exposed at the surface in 
a region of sufficient precipitation to fill it with water; (c) the formation 
must disappear at a low angle of inclination beneath a capping layer 
of some impervious rock, such as shale; id) it must lead toward a region 
where the land surface is lower than it is at the exposed end of the 
porous formation; and {e) there must be no free exit from the porous 
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rock at an elevation lower than the region of the wells. A well drilled 
through the impervious layer and into the water-bearing formation 
taps a supply that is under pressure owing to the weight of the water 
that is backed up in the higher end of the porous formation. Water 
will rise in the well bore or flow from the opening as long as the rate of 
addition in the outcropping area exceeds the rate of loss through wells 
and seepage. In a few regions saucerlike structural basins of concentric 
relief contain water-bearing formations which outcrop about the edges 
of the basin and incline from all sides, underneath other rocks, toward 
its center, where artesian water may be had in abundance. A structure 
of that kind is found in the Paris Basin (391). (The term artesian, 
applied to wells of this class, is derived from Artois, the name of a 
district in northern France.) 

54^. Notable Artesian Structures. Artesian water is obtained from 
favorable structures, which occur locally in a great many places, and from 
a few that cover areas of truly great extent. One of the latter is the northern 
Great Plains region of the United States. There a series of water-bearing 
formations, especially the Dakota sandstone, outcrop at considerable 
elevation near the Rocky Mountains and incline eastward, under suitable 
capping layers, toward the lower plains. They yield artesian waters far out 
in the eastern part of the Dakotas. 

Another vast artesian basin is found in the plains that lie west of the 
East Australian Highlands in Queensland and New South Wales (Fig. 281). 

The abundant rain of the Highlands pro¬ 
vides ground water which moves down 
the water-bearing formations underlying 
all the southwestern part of Queensland 
and the borders of the adjacent states. It 
is tapped by hundreds of wells, many of 
which flow freely. The supply of water is 
not generally suflicient for land irrigation, 
but it is most important in providing 
water for livestock and the pastoral oc¬ 
cupants of these dry plains. Artesian 
structure is found also over large areas in 
central Argentina. There are many limited 
artesian structures and spring sites in 
American dry lands and those of other 
countries that furnish water for the irri¬ 
gation of a few acres of crops in addition 
to that required for other uses. In these 
scattered bits of irrigated land may be recognized an additional class of 
oasis of much less individual importance than those previously noted (402, 
409, 437, 443). 
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Unfortunately, the flow of water in an artesian basin cannot be main* 
tained at a higher amount than that absorbed in the catchment area, 
where the water-bearing rock outcrops. It is, therefore, capable of depletion. 
Thousands of flowing wells in the Dakotas and hundreds in Australia, and 
careless waste of water through them, have decreased the pressures in both 
regions until many wells now require pumping, and the flow of others is 
much reduced. 

The Surface-water Supply 

548. The Uses and Problems of Surface Waters. The 
economic utility of surface waters is so varied and the problems 
connected with them are so numerous that only a few of them may be 
touched upon. Surface drainage through streams and lakes is related 
to matters of economic concern such as soil erosion, flood control, 
power production, irrigation, municipal water supply, inland naviga¬ 
tion, and the business of recreation. Out of these varied uses grow 
conflicts of human interest which lie beyond the scope of the elements 
of geography. However, the natural-resource qualities of surface 
waters may be examined briefly in their relation to some of these uses. 

544. SuRp^ACE Waters for Municipal Supply. Of the 300 
principal cities of the IJniled States, three-fourths are supplied with 
surface waters obtained 
from great lakes, large 
rivers, or, more commonly, 
relatively small streams.^ 

Generally, the surface 
waters are less hard than 
the ground waters of the 
same region, because they 
are derived in part from the 
immediate runoff of rain 
water (Fig. 28£). In peri- Fig. 282 . — (After U.S, National Resources 
ods of drought the surface Board,) 

supply fails, and the streams, fed mainly by springs, have increased 
hardness, to the great disadvantage of certain industries the manu- 
factural processes of which require relatively soft water. However, 
surface waters are likely to contain larger quantities of sediment and 
organic matter, including bacteria, than ground water. For that reason 
many cities find it necessary to treat their water supplies (a) for the 
destruction of bacteria, (5) for the coagulation of very fine sediment, 
and (c), by filtration, to remove sediment. The quality of surface water 
varies greatly from region to region. 

^ Nat, Resources Boards Reft, op, cii,^ p, SSO. 
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545. Waters Used for Irrigation. The soils of arid lands 
generally are abundantly supplied with the mineral elements of soil 
fertility and require only water to make them productive. Adequate 
supplies of water arc not easy to obtain, for the actual water require¬ 
ment of crops is large (601), and inevitably much is lost by seepage 
and evaporation in the course of getting it to the crops. In American 
irrigation practice, although the amount of water required varies with 
the region and the crop, it is customary to provide annually the 
equivalent of a layer from 18 to 70 in. deep over the entire ar(‘a to be 
irrigated. To secure so much water every type of source is drawn upon, 
but, the world over, surface runoff supidies most of it. Except in the 
rice-growing monsoon eountruvs of southeastern Asi«a, irrigation is most 



Fig. 283. —The irrigated land and that susceptible of irrigation combined do not 
comprise a very large part of the total area of the semiarid and arid West. 


practiced in lands that have less than 20 in. of average annual precipita¬ 
tion. Since the water requirement is generally much more than that 
quantity, and since always there are losses in the processes of capture, 
storage, and transportation, it follows that the rainfall of a large area 
is required to provide water to irrigate a small area. From that fact 
it is necessary to conclude that only a small part of the dry lands of 
the earth ever can be irrigated (Fig. 283). 

546. The quality of irrigation waters is not everywhere the same. 
Some, particularly that obtained from underground sources, is heavily 
charged with dissolved salts. Such water when applied to the land sometimes 
leaves more soluble material in the soil, as a result of surface evaporation, 
than is removed through the drainage channels. This tends to increase the 
alkali content of irrigated lands and gradually to render them unfit for 
crops. Waters derived directly from mountain precipitation and the melting 
of mountain snows are particularly free from this defect and are much 
employed in the irrigation of alluvial fans upon the mountain borders. 
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Some part of the irrigation water applied to the land, supplemented by a 
part of the natural rainfall, soaks into the ground, joins the ground-water 
supply, and then commonly is recovered by pumping. It is then reused for 
irrigation unless, or until, the quantity of salts dissolved during its stay 
underground renders it unfit for the watering of crops. 

547. Physical Conditions Favorable to Water-power Pro¬ 
duction. Water has no inherent ability to develop energy in the 
same sense that it is able to quench thirst, supply plants, or cleanse 
fabrics. Its capacity to do work is attained by virtue of the solar energy 
which evaporates it and causes the wind to transport it onto the land, 
whence it is returned to the sea under the force of gravity. The essential 
conditions required to produce water power are loater and fall, and 
within limits one of them may substitute for the other. A small volume 
of water falling a great distance may have the same capacity to do 
work as a great volume of water falling a short distance. Moreover, 
the former usually is capable of being more economically harnessed 
than is the great stream on a low gradient. Water power is, therefore, 
obtained at less cost from small mountain streams than from the 
great rivers of plains regions. 

Several conditions of physical environment combine to furnish 
large water power and to make it economical to use. An ideal physical 
situation for water-power production might well include the following 
conditions: (a) a large stream, and (6) a precipitous fall in the lower 
course of the stream where the entire weight of the falling water may 
be harnessed at low cost. It is desirable that the stream be the drainage 
of a region (i) of large size and (ii) of abundant precipitation. It is 
also desirable (iii) that the precipitation be uniformly distributed 
throughout the year and (iv) that the runoff of the stream be further 
regularized by the natural storage of rain water in great areas of spongy 
forest floor, numerous swamps, or lakes. 

548. Stream Flow and Potential Power Development. A regular 
stream flow is desirable for water-power development because fluctuation 
in flow produces irregular power capacity. Ordinarily, it is not economical to 
build a power plant capable of utilizing the maximum flow of an erratic 
stream. Many power plants have capacity to use only the minimum flow, 
since otherwise a large financial investment in power plant would be unpro¬ 
ductive of returns during much of the year. The construction of dams and 
other works for the storage of water tends to unify stream flow by capturing 
flood waters and holding them for use in the season of low water. This 
makes feasible the installation of larger power plants and the production of 
more power. In estimating the power-producing capacity of a site, a stream, 
or a region it is customary for engineers to state more than one figure. Thesti 
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indicate the quantity of power that could be produced without storage, with 
complete storage, or on any other practical basis. 

549. Land Relief and Potential Water-power Sites. For¬ 
merly, usable water-power sites were limited to those available in 
regions where power was wanted. It had to be used at the place of its 
production. The development of hydroelectric power transmission 
has, to a degree, made the place of power production independent 
of the place of its use but not entirely. It is not yet economically 
feasible, in most regions, to send power by wire more than 800 or 
400 miles. Moreover, it is not always feasible to use all the possible 
power of a great stream, even near a power market, because the cost 
of control and storage works on large streams is high. Therefore, 
certain power sites of great possibility go unused while others, which 
are physically less desirable, arc developed. Most power sites are 
chosen because of the benefit of some natural advantagt*. Such are 
found in plains regions where a stream crosses an outcrop of resistant 
rock which increases the stream gradient or causes a narrows, which 
makes an economical site for a dam. 

The disturbed drainageways of glaciated plains, both ice-scoured 
and ice-deposited, furnish more numerous power sites than are pro¬ 
vided on the drainagew ays of stream-eroded plains. The steep gradients 
and diversity of rocks found in inountain valleys furnish more frequent 
and valuable power sites than are common to plains regions. That is 
particularly true of recently glaciated mountains. In them snow-fed 
streams descend through narrow lake-filled valleys of highly irregular 
gradient or plunge over the steep walls that terminate hanging valleys 
(Figs. 265, 266). Although potential water-power sites are numerous 
in glaciated mountain regions many of them are far from any feasible 
market for power and cannot now be economically utilized. 

550. The World Distribution of Potential Water Powers. Be¬ 
cause of the conditions indicated above, the potential water power of the 
world shows very uneven distribution. In North America the western moun¬ 
tain cordillera has the greatest power possibilities, because of its heavy pre¬ 
cipitation, great relief, ice-eroded mountain features, and forested slopes. 
That region is followed by the Laurentian Shield, which combines with its 
ice-scoured surface a moderate elevation, vast area, a fairly abundant pre¬ 
cipitation, and natural water storage in myriad lakes and extensive forests 
(417, Fig. 179). In Europe the glaciated highland regions of Scandinavia 
and the Alpine countries hold the largest water-power possibilities. In Asia 
the conditions are most fully met on the rainy southern front of The 
Himalayas. In South America there are thrfee significant districts, which 
are eastern Brazil, the eastern slopes of the northern and central Andes, and 
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southern Chile. Australia, being generally low and dry, has but little to offer 
in potential water power. However, Africa exceeds any other continent in 
this respect. Although much of its area is desert, several great rivers origi¬ 
nate in the rainy tropical region, and each of them descends in falls over 
escarpments from the uplands of this plateau continent, on its way to the 
sea (4(16, Fig. 284). 

551. The Vaeue of Streams for Inland Navigation. In 
nearly all parts of the world, except deserts and mountains, streams 
are used as avenues of interior transportation. Prior to the develop¬ 
ment of railw^ays they were so used much more than they are now. 
Even yet, there are large areas of several continents, including North 
America, where streams and lakes are the principal highways. Water¬ 
ways aitaiiK^d early importance as routes of travel because of several 
advantages that they afforded over primitive land routes. Although 
they siddom are more direct than land routes, tliey are, by their nature, 
reduc^ed to fairly uniform grade and eliminate most of the vertical 
irregularity common to land routes. Even primitive water craft carry 
easily burdens too heavy for man or pack animals. On routes from 
continental interiors outward, heavy loads rrifiy be moved on well- 
graded streams with little expenditure of energy, when aided by the 
river current. 

('ertain great rivers offer such advantages for transport, in regions 
of delayed economic development, that they still carry the major 
part of the traffic. The Yangtze is the principal means of moving goods 
to and from the far interior of China, The Congo provides extensive 
means of carriage in equatorial Africa, although falls cause sev^eral 
interruptions to navigation and prevent direct connection by boat with 
the coast. The Amazon drains a large area of heavy rainfall over a 
gradient so low^ and so free from obstruction as to provide ample 
depth and width even for any modern craft that are likely to enter 
there. 

However, in the world as a whole, and especially in those countries 
better provided with railways, river navigation is of decreasing impor¬ 
tance. That river transportation has not been able to compete more 
effectively with that by rail is due to important defects in the natural 
qualities of rivers as water thoroughfares. Some of these defects are 
indicated in the following statements: (a) The depth of most rivers 
fluctuates greatly with the seasons of maximum and minimum rainfall. 
This is notably true in arid and semiarid lands where watercourses so 
seldom are navigable that they never have had significance in that 
connection, except under special conditions, such as are found in the 
Nile. Even great rivers, like the Missouri, in regions of seasonal and 
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Fig. 284. The areas of the dots indicate the estimated potential water-power resources upKin a comparative basis. Each dot represents the total 

fi^re for the entire area within the boundaries of which it Is placed. 
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highly variable rainfall, often are so shallow as to become incapable of^ 
use. (b) Young streams, which have fairly direct courses, commonly 
are interrupted by falls and rapids, while old streams of low and uni¬ 
form gradients usually meander and provide long and indirect routes 
of transport, (c) Old streams constantly shift their channels and 
deposit sand bars which are a menace to navigation, (d) In some 
climates rivers are closed to navigation several months each year by 
ice. {e) It is difficult to provide upon the banks of a river having a 
variable depth and shifting channel adequate facilities for the transfer 
of heavy cargo between bank and boat, (f) Many places from which 
goods must be moved are not reached by navigable streams and must 
provide other kinds of transport facilities, (g) The movement of river 
craft is comparatively slow and especially so against the stream 
current. 

552. The Value of Lakes for Inland Navigation. The use of 
the large lakes or inland seas of the world for navigation presents less 
difficult problems than does the use of rivers. Some are closed by ice 
part of the time, but not many are troubled by variable depths or 
obstructed channels. Owing to their fortunate position between the 
principal iron-ore and coal regions of the continent, the Great Lakes 
of North America have been provided with special craft and organized 
into one of the most effective routes of transportation in the world. 
They have played a large part in the historical and industrial develop¬ 
ment of the region in which they lie. Although there is not the same 
opportunity for special service in other regions, some of the lakes of 
other continents serve the transportational needs of their regions well. 
Among the most used of them arc the three great lakes Victoria, 
Tanganyika, and Nyasa in eastern Africa; the Caspian Sea and Lake 
Baikal in Asia; and others of smaller size. 

553. The Value of Lakes and Streams as Centers of Recrea¬ 
tion. To most persons a visit to a lake or stream affords a pleasant 
diversion from the daily routine. The exhilarating sports found in 
swimming, fishing, and various forms of boating serve as an attraction 
so strong that large numbers of people make at least a brief annual 
trip to some body of inland water for purposes of recreation. In recent 
years the building of good roads and the mobility afforded by the 
automobile have permitted a widespread gratification of this desire, 
with the result that large amounts of money are spent by vacationists, 
and the lakes and streams that attract them have become physical 
assets of great value to the regions in which they lie. 

The greatest number of attractive lakes is found in regions of 
glaciation. Some of them are the morainic lakes of regions of glacial 
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deposition, but the larger number is found in regions of ice scour or of 
ice scour with associated morainic damming (417, 423). It often 
happens also that the conditions of ice scour which are responsible 
for the lakes have conspired with climate to render the surrounding 
land of low agricultural value. This in turn has tended to keep the 
region in a forested or wild condition which increases the attractiveness 
of the lakes and their recreational value. Lake-dotted areas are found 
in mountain, hill, and plain lands alike. The glacial lakes of the Alpine 
countries. Rocky Mountain region, high Sierras, or southern Andes 
add mountain scenery to their attractiveness (Fig. 266). The more 
accessible lakes of the hill lands of New England, the Adirondacks, 
or the English Lake District and Scotland and the numberless lakes 
in the plains of the Great Lakes region, eastern Canada, Scandinavia, 
Finland, or the borders of the Alps draw ever larger numbers of people 
to their shores. They constitute a resource worthy of studied conserva¬ 
tion and development. 





Chapter XXIII. The Biotic Resource: 
Original Vegetation Cover and 
Associated Animal Life 


554. Plants Rkflect Physical Environment. X"ativ(‘ vegeta¬ 
tion is ail expression of the eoinposile physical environment. It is the 
integration of all physical factors, past as well as present, and as a 
consecjuenee often provides a better basis for classifying and judging 
the potentialities of environments than any other one single factor 
or set of factors. The suitability of virgin soil for certain types of land 
use and crops is often clearly indicated by the vegetation cover. In their 
broader aspects, the great plant communities which together comprise 
the earth's mosaic vegetation mantle reflect chiefly 'prefient dimatic 
characteristics, there being relatively close coincidence between the prin¬ 
cipal climatic and vegetation typ^s. Modifications within the larger 
plant communities are usually due to soil, relief, and drainage differ¬ 
ences, past changers in environment, fire, or tampering by human beings. 

I'he classification and brief de.scription of the original vegetation 
cover here presented is plant geography in its broadest aspects—an 
attempt to describe the principal plant associations, show their 
relationships to the environmental complex, and indicate their world 
distribution (Plate VIII). Over considerable parts of the earth, man, 
through his use of the land, has so greatly modified the original vegeta¬ 
tion that at present it bears little resemblance to what it was in its 
native state. 

555. Animals, It is impossible to classify animals in terms of 
environment as one classifies plants. Since the latter are immobile, they 
must adapt themselves to their environment by their forms and struc¬ 
tures. Animals, on the other hand, being mobile, can, within certain 
limits, change or circumvent their environment, by migrating or bur¬ 
rowing. The plant is a captive of its environment and is compelled to 
wear the evidences of its captivity in the form of structural adaptations 
where everyone may see them. Animals, on the other hand, adjust 
themselves to their physical surroundings by what they do, rather 
than through their structures and forms. As a consequence no attempt 

48S 
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is here made to classify animals into great associations, as is done for 
plants. Since, however, the type of animal is sometimes closely related 
to vegetation characteristics, brief comments occasionally are added 
concerning the representative animal life associated with certain 
vegetation groups. 

Physical Conditions Affecting Plant Life 

556. Plant Associations. One does not liave to be cither a botanist 
or widely traveled to be aware of the effects of physical environment upon 
the characteristics and distribution of plants. Even the layman quickly 
observes that poorly drained locations such as swamps or the periodically 
inundated margins of riv^ers and lakes have a distinctive association of 
plants, which differs markedly from the vegetation covn^r of higher and drier 
sites. Certain plants, such as mosses and ferns, are found characteristically 
in shady, damp locations, while others such as juniper thrive best in sun¬ 
light. The above illustrations, to be sure, apply to relatively restricted areas, 
but in a more general way vx'getation cov^er may have a consideraljle degree 
of similarity even over very extensive areas of scores of thousands of 
square miles, provided the physical environment remains relatively uniform. 
Moreover, similar environments in widely separated parts of the earth arc 
likely to have plant cov^ers that are much alike in general aspect, even 
though they are not composed of identical species. Thus the tropical rain¬ 
forests of the Amazon Basin and the Congo, separated by wide expanses of 
ocean, are, nevertheless, relatively similar in general appearance and type 
of plants. So also are the prairie lauds of Argentina, the United States, and 
Hungary. 

Based upon common phj^sical needs, therefore, certain plants, although 
unrelated to one another, are repeatedly found growing side by side in simi¬ 
lar environments. It is with these flant associations over relatively extensive 
areas, occupying as they do characteristic physical environments, that the 
geographer is chiefly concerned. These extensive associations comprise the 
variegated pattern of the earth's vegetation cover. In order to appreciate 
the significance of the great plant associations and their distribution, some 
explanation is necessary of the ways in which various elements of the physi¬ 
cal environment influence vegetation. 

557. Tempeuatuke and Light. Unlike many animals, plants do not 
generate^ heat. As a consequence their very existence as well as their charac¬ 
teristics are greatly influenced by the temperatures of air and soil. For every 
species of plant there appear to be three critical temperatures: (a) lower, 
and (b) upper limits beyond which it cannot exist, and (c) an optimum 
temperature in which it grows most vigorously. The lower limit is sometimes 
called its specific zero. This minimum temperature is not necessarily associ¬ 
ated with 32°, for many tropical plants perish before the freezing point is 
reached, while certain forms of Arctic vegetation thrive in subfreezing 
temperatures. 



THE BIOTIC KESOURCE 


485 


EHfferent species resist cold in different ways. Some make the adjust* 
ment by retarding growth and arresting certain functions, such as assimila¬ 
tion and respiration, during the period of low temperatures. This may 
result in a marked external change such as takes place with leaf fall in 
middle-latitude deciduous trees. Certain other plants, such as coniferous 
trees or the evergreen shrubs of Mediterranean climates, relapse into a 
dormant period without any apparent outward change. In some species the 
l>lant completes its entire Hie cycle during the warm period, so that the 
vegetative portions disappear entirely throughout the season of cold and it 
is only by means of a seed, which is capable of greater and more prolonged 
resistance to low temperatures, that the plant is perpetuated. These are the 
annuals^ of which, for instance, rice and corn are representative. They 
stand in contrast to perennials^ the vegetative parts of which live on year 
after year. 

The length of tlie vegetative period is not alike for the same plant in 
c'ontrasting climates. In regions of short summers, such as Siberia, the 
growth period is reduced to 3 or 4 months, but at the same time the rapidity 
of growth during the shortened summer is great. For example, the beech, 
which completes its seasonal growth in 3 months in the latitude of Yakutsk, 
Siberia, rec[uires 6 months in central Cermany. 

Not only heat but also light affects the characteristic development of 
plants. Heproductive functions, for instance, arc favored by light. This is 
shown by the fact that ffowers can be prevented from opening by being 
grown ill semidarkness. Tliose plants that grow in shade usually are charac¬ 
terized by greater development of their vegetative parts, such as stems and 
leaves, at the expense of flowers w^hich contain the reproductive organs. On 
the other hand, liglit tends to produce large, brightly colored flowers but 
thicker and sliorier leaves and stems. 

558. Water, (llygrophytes, Xerophytes, and Tropophji:es.) No plants 
can live entirely without water. Taken in at the roots it is the principal 
ingredient of sap, in which mineral matter in solution is carried to all parts 
of the plant. Transpiration of water takes place through the leaves, the 
process being associated with chemical changes by which the sap is prepared 
for assimilation by tissues. 

Plants that exist in water or in very damp and humid regions are 
designated as hygrophytes. In these the stems are usually long and relatively 
fragile, containing a minimum of woody fiber, while leaves are large and 
usually thin. Roots are likely to be shallow. The banana tree, characteristic 
of the wet tropics, is an example of hygrophytes. At the opposite extreme 
are the xerophytes^ which are adapted to drought conditions. In these, roots 
are long or widespread in order to increase the depth or area from which 
water is obtained, while stems are likely to be shorter and stronger. Leaves 
are smaller and thicker, their stomata (openings for transpiration) fewer, 
and a hairy undercover is common. A thick corky bark or a coating of wax 
may further protect against rapid transpiration. Leaves even may be re¬ 
placed by thorns. Certain desert species adapt themselves in a different way. 
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namely, by accumulating supplies of water within their vegetative struc¬ 
tures. Such a one is the fleshy-stemmed cactus. 

In climates that have a wet and a dry period, or in those in which there 
is a distinct period of cold, many plants are liygropliytic in one season and 
xerophytic in the other. These are called tropophytes. In savanna climates, 
for instance, most trees drop their leaves during the periotl of drought and 
temporarily become xerophytes, for the woody stems and branches and the 
shiny wax-covered buds are highly conservative of water. With the corning 
of the rains again the buds open, and hygrophytic leaves and reprorluctive 
organs are formed. In middle latitudes the season of cold has a similar 
effect to that of the season of drought in the tropics, for the rise of sap is 
checked by low temperature as well as by low rainfall. Thus winter is a 
period of physiological drought during which deciduous plants lose tli(‘ir 
leaves and become xerophytic in character. 

559. Soil. Although temperature and water arc the two principal 
physical elements determining the general character of the earth's natural 
vegetation, mo(lifications within the great climatically induced groups are 
due principally to soil contrasts (the edaphic factor). Tims within the 
northeastern pine forests of the upper Great Lakes states, the composition 
of the original stand depended largely on the character of the soil. On the 
poorest sandy soils jack pine was almost the exclusive tree. On tin* somewhat 
better sandy soils Norway pine was intermingled with jack pine; while in 
regions of higher fertility Norway pine occurrtHl in mixtures wdth white pine 
and northern hardwoods. Throughout the hardwood forests of New York 
white pine occupied the sandy plains. In its modifying effects upon plant 
life the soil environment makes itself felt in a number of ways, (‘specially 
through its temperature, chemical composition, and water retentiveness. 
Sandy or stony soils, which are very porous, may induce a xerophytic vege¬ 
tation even in regions of moderate rainfall. Thin soils are likewise inclined 
to l>e droughty. Where a high percentage of salt is present, as in parts of 
deserts or along seacoasts, most plants will not grow. Vegetation in such 
areas of salt concentration has distinctive characteristics, being xerophytic 
in many respects. A proportion of over 3 per cent of lime in soil is likewise 
injurious to most vegetation. In cool, damp, subarctic regions, the barren 
soils of which are covered with raw and highly acid humus, such xerophytic 
plants as heather and furze are characteristic. 

The Great Plant Associations 

560. Three Principal Classes of Vegetation. Plant geog¬ 
raphers recognize three principal classes of natural vegetation: (a) 
forests, (6) grasslands, and (c) desert shrub, including tundra. Each 
of these occupies contrasting types of environment, rainfall probably 
being the single most critical element leading to the threefold differen¬ 
tiation. As listed above, the three vegetation groups are arranged in 
order of diminishing rainfall, forest occupying the regions of wettest 
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climate and desert shrub the driest, while grasses are intermediate in 
their requirements. 

561. Woodland or Forest Associations. Within this group 
the tree is the essential element. Other woody plants such as bushes 
and shrubs, together with grasses and parasitic forms, may be present 
as well, but these are usually only accessory parts of the forest. The 
tree is not only the most powerful, but also the most exacting creature 
of the vegetable kingdom. When trees grow in a closed formation 
and are so close together that their crowns touch, the result is a 
genuine forest. If shrubs are so numerous that they prevent the tree 
crowns from touching, hushwood is the common name, while a pre¬ 
dominance of shrubs leads to the designation shrubwood. Woodland 
associations dispute the possession of the land with grassland associa¬ 
tions, forests in general occupying the more rainy parts of the world 
and becoming increasingly luxuriant with increasing temperatures. 

562. Forest Climate, It is not unusual that forests should be more 
water-demanding than the other great vegetation types, (a) In general 
the tree has a larger transpiring surface, compared with the area of 
ground covered, than have other plants; (6) its transpiring surface is 
farther away from the water supply in the soil; and (c) by reason of 
its height it is more exposed to wind and evaporation. On the other 
hand, because of its deep and extensive root system the tree is able 
to tap deep-lying supplies of water and is capable of withstanding 
drought during the vegetative or warm season (which grass cannot), 
provided there is a continuous supply of water at the roots. In other 
words the season of rainfall is of little significance to trees. Low tem¬ 
peratures limit forest growth in the high latitudes and the high alti¬ 
tudes, there being little forest poleward of the isotherm of 50° for the 
warmest month. Wind is a critical item of environment since it is very 
directly related to the amount of transpiration from the plant. Strong, 
dry winds during the cold season, when the earth’s moisture is locked 
up through freezing, are particularly bad, and it is this combination, 
in part, that determines the poleward limit of tree growth. In summary: 
A good forest climate is one with a warm vegetative season, a con¬ 
tinuously moist subsoil, and low wind velocity, especially in winter. 
Hostile to trees in high latitudes is a climate with windy, dry, cold 
winters, since at that season the trees are unable to replace moisture 
lost through transpiration. 

563. Grassland Associations. The vegetation cover here con¬ 
sists principally of perennial grasses, although other herbaceous plants 
may be present in considerable numbers. In the low latitudes grasslands 
often are called savannas; in the middle latitudes they go by the 
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names of prairies and steppes^ and the latter term, steppe, is gradually 
coming to be applied to all of the drier short-grass grasslands, tropical 
as well as middle latitude. Grasslands in wet and poorly drained 
areas are designated as vieadoivs. 

564. Grass Climate.^ Although meadow thrives in cool moist loca¬ 
tions, most natural grasslands arc either subhumid or semiarid. Since 
most grasses are relatively shallow rooted, they suffer from prolonged 
drought if it coincides with the warm period or growing season. Regions 
with winter rains and summer drought have, therefore, the antithesis 
of a good grassland climate. Moisture in the deep subsoil is of little 
value; it is the surficial layers that are critical. Since this top moisture 
is quickly lost by evaporation, frequent, even if weak, precipitation is 
essential during the growing season. During the resting period (winter 
in middle latitudes) grasses can endure great drought without injury. 
Winds are of little significance, since grass <loes not grow tall (‘iiough to 
be greatly affected by any but the slowTT-moving ground currents. 
Most hostile to grass is drought during the growing season. It is a 
common sight in middle latitudes during dry summers to see jiasiures 
and lawns brown and scar, while the trees and bushes are as verdant 
as usual. Grass, then, is typical of subhumid and semiarid regions 
which have a marked concentration of the year’s rainfall during the 
warm season. 

565. Desert Shrub. As far as plant life is concerned, deserts 
are of two types: (a) those which are physically dry, with little water 
present in any form, and (5) those which an^ physiologically dry. 
In the latter, although water may be abundant, it exists in inaccessible 
forms, usually snow or ice. Sahara is representative of the first type, 
and the polar regions of the second. In both, however, lowly, widely 
spaced, xerophytic plants predominate. Neither trees nor grasses 
thrive, and stunted forms of either woody or herbaceous plants capable 
of enduring the adverse climate prevail. 

Rarely are there sharp boundaries separating woodland, grassland, 
and desert, but almost always gradual transitions from one to the 
other. As a consequence there are wide transitional belts between 
grasslands and forests known as wooded steppe, or park savanna, 

^ Some have expressed the idea that grasslands, at least those in the tropics and sub¬ 
tropics, are not the result of climatic conditions. Rather, they would attribute them to 
the work of man, believing that grasses become established as a result of burnings and 
clearings of the forest in carrying on agricultural operations. Their notion would be 
that a distinctive grassland climate does not exist, sjnee they maintain that woody 
vegetation can invade any region where rainfall is sufficient for grasses. See Cook, O. F. 
Milpa Agriculture, a Primitive Tropical System. Smithsonian Inst, Ann. Rept.^ 1919, 
pp. 307-3«6. 
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where trees and grass intermingle. Similarly, transition belts occur 
between forest and desert and between grassland and desert. 

Types of Forests and Their Distribution^ 

Low-latitude Forests 

566. Tropical Rainforest. This type of woodland characteris¬ 
tically occupies warm tropical lowlands where rainfall is heavy and 



Fig. 285.—Aerial view of tropical rainforest, with clearing, in the Amazon Basin. 

{Hamilton Rice Expedition of 1924-1925.) 

well distributed throughout the year, there being no marked dry 
season. The Amazon Basin, in northern South America, and West 
Central Africa are the two largest areas of tropical rainforest, although 
it is found along many rainy coasts and islands in the tropics as well 
(Plate VIII). 

567. External Aspect. Luxuriant, complex, exuberant—such is 
the character of tropical rainforest (Fig. 285). In external aspect it 

^ Trees are classified as either (a) hardwood or (6) softwood; (a) broadleaf or (6) nee¬ 
dle leaf* (a) deciduous or (5) evergreen. Hardwood and broadleaf are practically synony¬ 
mous, while the needle trees, such as pines, are called softwoods. Evergreens are those 
that retain some foliage throughout the year, while deciduous trees periodically lose 
their leaves and are therefore bare for a portion of the year. Hardwoods are both ever¬ 
green and deciduous, although the conifers are rarely deciduous. 
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presents a richly varied mosaic of many shades, gray, olive, brown, 
and yellow tints being more common than the fresh green of middle- 
latitude woodlands. The skyline, too, is different, the crown of the 
tropical forest being irregular and jagged with many crests and fur¬ 
rows. This comes from the great variety of trees of varying heights 
which comprise it. No other forest equals it in richness of species, 



Fig. 286. —Side view of tropical rainforest in Brazil. Note the abundance of lianas, 
and the dense, almost impenetrable forest crown. Undergrowth is not unusually con¬ 
spicuous. (Field Mxiseum of Natural History.) 

and these are intricately intermingled so that a few kinds of trees do 
not strongly predominate, as is usually the case in forests of middle 
latitudes. Pure stands of a species are practically unknown. Tropical 
rainforest is evergreen broadleaf in character, there being no general 
dormant period, each tree shedding its foliage imperceptibly as the 
new leaves grow (Fig. £86). Just as the climate is without seasonal 
rhythm, the vegetation is likewise. As a result of the continuousness 
of the addition and fall of leaves the forest is never bare and without 
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foliage. Needle trees are largely absent, leaves characteristically 
being broad and thin. 

568. Internal Aspect, An internal view shows the tropical rain¬ 
forest to l)e composed of tall trees (often 150 ft. high) with large 
diameters, growing close together. It is not a single-storied forest, an 
understory of smaller trees being characteristic. The result is a dense 
canopy of shade with very subdued light underneath (Fig. 286). 
In the Congo forest Shantz found that the time required for a photo¬ 
graph was twenty thousand times the normal exposure in the open. 
The trees have few’^ lower branches, their trunks characteristically 
being smootli, resembling a conifer more than an oak. Lianas, climbing 
plants, epiphytes, and parasites are relatively abundant.^ This mass 
of vines and creepers appears almost to suffocate the trees that are its 
supports. Within the forest the tall, branchless trunks resemble 
gigantic dark columns supporting an almost impenetrable canopy, 
composed of the interlocking crowns of the trees and the vines and 
creepers that cover them. In the virgin forest, because of deep shade, 
undergrowth is not unusually dense although often sufficient to 
obstruct distant views. In regions of deepest shade only a thick mat 
of herbs or ferns covers the floor, so that one can proceed in all direc¬ 
tions without following paths or even chopping new ones. Typical 
jungle conditions, with a thick and impenetrable undergrowth, chiefly 
arc characteristic of sections where light reaches the forest floor, 
for example, along rivers and coasts, on precipitous wet slopes, and 
in abandoned agricultural clearings (Fig. 287). Reflecting the abundant 
moisture in the surface soil, tropical rainforest trees are shallow rooted, 
their great trunks commonly being supported by giant buttress roots. 

Of the Amazon forest, Haviland writes: 

‘Tf the approach is by boat up one of the great rivers, which are still the 
only highways through the greater part of the forest region, the sight is one of 
unforgettable grandeur. On either side the banks are veiled by a wall of green 
foliage between 100 and 200 ft. high, towering above its own inverted image in 
the water. . . . This profusion of flowering climbers, which in some places 
hides the outlines of the trees themselves, is characteristic of the South 
American forest. The creepers cover the whole roof of the forest as with a 
canopy and fall to its foot at the water side like a curtain. . . . This mass of 
creepers is not altogether the suffocating burden or host of parasites that it 

^ Lianas are ropelike plants which entwine themselves round trunks and branches. 
Epiphytes, of which orchids are a common example, characteristically grow on the 
branches of tropical trees and spread their roots among the cracks in the bark. They 
frequently have hanging roots. Parasites are plants that feed from the sap of the tree on 
which they grow. 
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appears to be. In exchange for support, it affords shade which is essential to 
the well-being of the forest; and it has been shown that when the veil has been 
torn aside so that tlie sun can beat down on the roots, tlie giant trees perish. 
For this reason an artificial clearing is usually fringed with dead trees, 

“Here and there dark caverns yawn in the w'all of foliage at the water side. 
These are the moutlis of creeks and streams shut in by overarching branches 
from wliich long aerial roots hang down like stalactites. To enter these caves 
by boat is like passing from the open air into a vast dim hall, supported by 
immense columns. The trunks of the trees rise up for 70 or 80 ft. without a 
branch, and the undergrow th is thin and straggling. The ground is strewn with 



Fig. 287. — Interior view of the tropical rainforest in the Belgian Congo. Time 
required for this photograph was 20,000 times the normal exposure in the open. Under¬ 
growth appears to be more dense than in Fig. 298. {^American Geographical Society,) 


dead leaves, though it may be remarked that the accumulation of leaf mold is 
not very great, owing to the rapidity of bacterial action.”^ 

569. Anhnal life of the tropical rainforest is not so conspicuous as 
is the vegetation, although it varies in kind and abundance from one 
region to another. In the crown of the forest, where there is an abun¬ 
dance of food, a great variety of birds and some climbing animals such 
as monkeys and apes exist. On the darkened floor below large animals 
usually are not numerous, although in Africa the hippopotamus in¬ 
habits the river margins, and elephants, giraffe, and the big catlike 
animals may penetrate the forest for some distance. Reptiles and 
amphibians are relatively abundant. It is chiefly in insect life, however, 

^Haviland, Maud D. “Forest, Steppe and Tundra.*’ pp. 42-43, University Press, 
Cambridge, England, 1926. 
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that the tropical forest abounds. Although not conspicuous, and very 
elusive, the hum and sing of insect life are ever present. Ants are 
among tlie most numerous forms, and termites, a kind of destructive 
woodworm, are likewise abundant. Not only in the tropical forest, 
although there some of the most ideal conditions exist, but throughout 
most poorly drained areas in the low latitudes are to be found parasitic 
disease-carrying insects, some of them dangerous alike to man and ani¬ 
mals. Yellow fever, sleeping sickness, and malaria, veritable scourges 
of the tropics, are all of them propagated through the bites of insects. 

570. Rainforest Subtypes, Several subtypes of the general tropical 
rainforest are recognized. Thus along tropical salt-water coasts are the 
mangrove siramp forests which find ideal conditions in waterlogged brackish 
marine mud. They are most extensive in the vicinity of river mouths. 
Standing upon prop roots which lift the main trunk of the tree above high 
tide, the mangrove forest at low water presents an impenetrable tangle of 
roots and knees covered wdth algae. Occupying river floodplains and other 
low periodically flooded places are the inter mi ttcntly inundated forests. Prob¬ 
ably owdng to the frequent floodings, climbing plants and lianas are less 
abundant than in the drier forests, w^hile tlie tree types, too, are some¬ 
what dift'erent. The higher-I tying forest api)ears to have a denser undergrowTh, 
but it probably varies considerably from place to place in ])enetrability. 
The tree trunks, as well as the crowns, are usually burdened w ith a host of 
climbing vines, woody lianas, or “monkey cables,“ and parasitic plants. 
Many tropical forests do not represent truly virgin growth, but various 
stages of natural reforestation following burnings and clearings by the native 
inhabitants. 

571. Lighter Tropical Forest (Semideciduous). This forest 
has temperature requirements similar to those of the tropical rain¬ 
forest, but in contrast to it occupies either regions of less rainfall 
or, more typically, those where there is a distinct, but short, dry 
period which imposes a partial seasonal rhythm (Plate VIII). Rela¬ 
tively large areas of this type of forest exist in monsoonal southeastern 
Asia (Fig. 288). There it often is designated as monsoon forest. A some¬ 
what similar type, the savanna foresty occupies transitional belts 
between tropical rainforest and the drier true savannas (Fig. 289). 
But these latter areas are not always suflBciently distinct, or their 
situations well enough known, to permit of localizing them on a 
generalized vegetation map of the world. Characteristically the 
lighter tropical forest is broadleaf deciduous in character, although 
not all the trees are leafless during the dry season (Fig. 288). It is 
during the period of drought, nevertheless, that contrast with the rain¬ 
forest is most marked. Further features of differentiation are the 



Fig. 288,—Teak forest in the Central Provinces of India during the dry season. 
In this region the teak trees are not so straight or so large as they are in Burma. {Photo- 
graph by C, F. Sweet.) 

prevail in some other regions (Fig. 289). Climbing vines and epiphytes 
may be numerous. 



Fig. 289. —^Lighter tropical forest (semideciduous) in the Belgian Congo. Large 
trees are sufficiently far apart that they do not cast a dense shade. Grass mantles the 
forest floor. {American Geographical Society.) 


572. Scrub and thorn forest varies in density from an open 
parklike growth of low stunted trees and thorny plants to dense 
tliickets of the same (Fig. 290). Where grasses mantle the forest floor 
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they are not dense but consist of tall forms comprising a rather open 
cover. The trees composing the dry scrub forest are small in diameter, 
rarely exceeding one foot. Normally they are deciduous in character, 
bearing their foliage and flowers only during the period of rains. Scrub 
forest commonly occurs in scattered small areas throughout savanna 
lands where soil conditions are unfavorable for growth of grasses. It 
is likewise adapted to areas of relatively low rainfall where the pre¬ 
cipitation is irregular and undependable and interrupted by dry 
periods. No other tropical forest type equals it in tolerance of physical 
conditions. 



Fig. £90.—Scrub forest in Senegal, West Africa. Such a forest has little or no value. 

{Field Museum of Natural History.) 

Utilization of Tropical Forests. Although tropical forests occupy nearly 
50 per cent of the eartlFs total forest area, at tlie present time they supply 
only the liniiled needs of local populations and furnish to world commerce 
small quantities of sp(;cial-quality woods, such as dyewoods and cabinet 
woods. Nevertheless these low-latitude forests, especially the tropical rain¬ 
forest, represent one of the world’s great potential timber supplies. The 
problems involved in their utilization are serious—^labor supply, sanitation, 
requirement of new logging technologies, how to utilize the great variety of 
species composing the tropical forest—but none of them appears to be 
insurmountable. 


Middle-latitude Forests 

573. Mediterranean Broadleaf Evergreen Scrub Forest. 
Mediterranean forests are a relatively rare type, for seldom are trees 
broadleaf evergreen and at the same time adapted to regions with 
long, hot periods of summer drought. In those parts of the humid 
tropics where pronounced dry seasons are characteristic, trees protect 
themselves by shedding their leaves and thereby becoming xerophytic 
during the dry season, although they are hygrophytic during the 
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periods of rains. In Mediterranean woodlands, on the other hand, 
adjustment is made in other ways, protective devices against rapid 
transpiration permitting the trees to retain their foliage, and con¬ 
sequently their evergreen characteristics, during the period of aridity. 
But although evergreen in character, there is more of a seasonal rhythm 
in vegetative and reproductive processes than is true of the tropical 
rainforest. This unique Mediterranean woodland is found in sub¬ 
tropical regions with mild, rainy winters and long, dry, hot summers. 
The climate as well as the vegetation is unusual, for the times of 
maximum temperature and maximum rainfall do not coincide. The 
largest representative area is the Mediterranean Sea borderlands, 
with smaller areas in California, middle Chile, southern Australia, 
and the Cape Town region of Africa. 



Fig. 291. —Moditerrancan sclerophyll woodland in California. An open stand of dwarf 
oak merging with California grassland. (f7. S, Forest Service.) 


Mediterranean woodland is predominantly a mixed forest of low, 
or even stunted, trees and woody shrubs (Fig. 291). Tall trees are rare. 
Where climatic and soil conditions are most favorable the virgin forest 
is composed of low, widely spaced trees with massive trunks and 
gnarled branches. Between the trees the ground is completely or 
partially covered by a pale, dusty, bush vegetation, which very much 
resembles the soil in <5olor. From a distance, therefore, it may appear 
as though the ground were almost bare of small plants. In all of them 
woody parts are more prominent than foliage. As a protection against 
evaporation the tree trunks are encased in a thick, deeply fissured 
bark, this feature being perfectly exemplified by the cork oak. Leaves, 
too, which are sihall, stiff, thick, and leathery, with hard, shiny sur¬ 
faces, are designed to prevent rapid losses of water. ^ The olive tree 
^ It is this leaf characteristic which has given the Mediterranean woodland the name 
acleropkyll. 
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with its massive trunk, gnarled branches, thick fissured bark, and 
small, stiff, leathery leaves is very representative of Mediterranean 
sclerophyll woodland in regions of hot (Csa) summers. 



Fig. 292.—Meditcrninean chaparral or maqiii in t'ape Province, South Africa. {American 

Gcographical Society.) 



Fig. 293. —Chaparral grading into forest on the slopes of the California mountains. 

{U. S. Forest Service.) 


Even more common than the woodland composed of low trees and 
shrubs described above is a vegetation mantle consisting principally of 
shrubs and bushes in which there may be some stunted trees (Fig. 292). 
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This bush thicket is known as chaparral in California and maqui in 
lands bordering the Mediterranean Basin. In places the woody shrubs 
form a thick and relatively tall cover; in others it is short and sparse 
(Fig, ^93). Chaparral in some regions may represent the original 
vegetation cover. In other sections it is the underwood remaining 



Pig. 294. —Mixed hardwood-conifer fore^st (birch-beech-maple-hemlock) in Mich¬ 
igan. Much of this type of forest o<;cupied lands not well suited to agriculture, so that 
its removal has resulted in extensive areas of relatively barren, desolate, cutover land. 
(U, S. Forest Service.) 

after the low trees of the original woodland have been destroyed. The 
chief economic importance of chaparral usually lies in its watershed 
protection. 

574. Broadleap, or Hardwood, Forests. Within the more 
humid parts of the middle latitudes are found two great forest groups: 
(a) the broadleaf trees, or hardwoods, and (b) the needle-leaf coni- 
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fers, or softwoods. Over large areas they exist as mixed conifer-broad- 
leaf forests. As a general rule, but with important exceptions, the 
coniferous forests occupy the colder continental locations and so 
are usually on the poleward side of the hardwoods. In regions of poor, 
sandy soils, such as the Atlantic and Gulf Coastal Plain of the United 
States, or on steep mountain slopes where soils are thin or rocky and 
temperatures lower, conifers may supplant hardwoods even in the 



Fig. 295.—A mixed hardwood forest (oak-hickory) in northern Indiana. Much of 
this type of forest occupied good agricultural land and as a consequence was destroyed 
in the process of settlement. {U. S, Department of Agriculture,) 

lower middle latitudes. The latter condition is illustrated in the case 
of the southern Appalachians, which carry a long tongue of coniferous 
and mixed forest southward into the hardwood belt. 

Temperate hardwood forests vary widely in composition, the 
dominant tree species differing from one region to another. In parts, 
especially along their poleward margins, there are numerous conifers 
among them, so many, in fact, that some plant geograpners designate 
such forests as mixed rather than hardwood (Fig. 294). In eastern 
United States two general hardwood-forest areas are distinguished: 
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(a) a northeastern one (northern Wiscoinnn and Michigan, New York, 
and southern New England) in which birch, beech, and maple pre~ 
dominate but with a large infusion of hemlock and other conifers 
(Fig. 294); and (6) a central and southern one lying §outh of the first 
and terminating at the northern and western boundary of the sandy 
Coastal Plain (Figs. 295, 296). In this latter forest, which was originally 
the finest and most extensive area of hardwoods anywhere in the 



Fig. 296. —Mixed hardwood forest (chestnut-chestnut oak-yelJow poplar) in North 
Carolina. {U. S. Forest Service.) 

world, oak, chestnut, hickory, and poplar predominate but with pines 
prominent toward the Coastal Plain margins (Fig. 297). The greater 
part of the original American hardwood-forest belt, lying as it does 
in an environment eminently suited for agriculture, has now been 
cleared and turned into farmland. Poorer cutover lands often have a 
brush cover. O^the 280,000,000 acres comprising the original central 
hardwood forest only 14,000,000 acres of virgir. forest remain and the 
timber cut exceeds the timber growth by a considerable margin. 
The remaining stands are chiefly in the rougher Appalachian country 
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and in Tennessee, Kentucky, Missouri, and Arkansas. Outside the 
United States, other relatively large areas of temperate hardwoods or 
mixed forest are to be found in Japan, Chosen, southeastern China, 
central Russia, Rumania, southwestern Siberia, western Europe, 
southern Chile, southeastern Australia, and New Zealand (Plate 


VIII). 

575. Deciduous Hard¬ 
woods. By far the greater 
part of the temperate hard¬ 
wood forest is deciduous in 
character, the trees drop¬ 
ping their leaves during the 
winter season (Fig. 295). 
Except in the dormant 
season this forest is rather 
uniformly bright green in 
color, and its profile is reg¬ 
ular. The amount of under¬ 
wood varies with density of 
tree stand, being much 
greater where an appreci¬ 
able amount of light reaches 
the ground (Figs. 295, 296, 
297). Trunks of the decidu¬ 
ous trees are xerophytic in 
character, having a rela¬ 
tively thick bark which 
protects against transpira¬ 
tion during winter. On the 
other hand, the leaves are 



Fio. 297.—Mixed forest of oak and pine in 
Arkansas. This is a transition type between the 
oak forest father north and the pine forest of the 
Coastal Plain to the south and east. (U, S. Forest 


Sendee.) 


thin and delicate, requiring no protective devices, since they remain on 
the tree only during the warmer part of the year. As a result of seasonal 


leaf fall, for the year as a whole, considerable sunlight reaches the 


soil under deciduous forests. 


576. Evergreen Hardwoods. Only along the humid subtropical 
margins of the middle latitudes are there important evergreen broad- 
leaf, or hardwood, forests, but these are not nearly so extensive as 
the deciduous variety. Their principal regions are in southern Japan, 
New Zealand, and southeastern Australia. many respects these 
subtropical forests are akin to those of the wet tropics. Lack of seasonal 
leaf fall, density of undergrowth, and prevjilence of lianas and other 
climbing plants, all are suggestive of the resemblance. The number of 
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Fig. 298.—Air view of tfie swamp taiga of western Siberia. This region did not suffer 
glaciation. {Photograph by Luftsrhiffbau Zeppelin^ courit.sy of the A merican Geographical 
Society of Nett) York.) 



Fig. 299.— Taiga in the ice-scoured region of Canada. The meager soil cover per¬ 
mits only a thin stand of trees. Compare with Fig. 298. {Royal Canadian Air Force 
Photograph.) 
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species composing the forest is likewise numerous. Oaks of various 
kinds are among the commonest trees. Eucalyptus and acacia are 
important elements of the Southern Hemisphere forests. 

577. Coniferous, or Softwood, Forests. Coniferous trees 
are almost exclusively evergreen, the addition and fall of the needles 


being a continuous process 
and not confined to any 
particular period or season. 
Unlike broad leaves, how¬ 
ever, the needles of conifers 
are xerophytic in character 
so that shedding is not 
necessary to protect against 
a cold or drought season. 
On the whole, I he cr<jwn of 
a coniferous forest does not 
intercept so much sunlight 
as does that of the ])road- 
leaf woodland, but (a) since 
the former lie predomi¬ 
nantly in higher latitudes 
where there are longer peri¬ 
ods of low sun, and (h) 
since they are never with¬ 
out foliage, less sun reaches 
the earth. As a result there 
is usually less surficial vege¬ 
tation, a minimum of 
bacterial activity, and 
smaller accumulations of 



Fia. 300.—Side view of the taiga in Yukon, 
Canada. Note the relative smallness of the trees. 


humus in the soil. Service.) 


578. Subarctic Conifers, Conifers reach their maximum develop¬ 
ment, as far as areal extent is concerned, in the severe subarctic regions 
of North America and Eurasia, where they form wide and continuous 
east-west forest belts stretching from coast to coast (Figs. 298, 299). To 
the subarctic coniferous forests have been given the name taiga. On 
their northern frontiers they make contact with the treeless tundra, a 
region thoroughly hostile to trees. The Eurasian taiga forms the single 
largest continuous forest area on the earth. Conifers (larch, spruce, fir, 
pine) predominate, although deciduous trees (alder, willow, aspen, birch, 
mountain ash) are scattered throughout, individually as well as in 
thickets or clusters. The latter are characteristic of low swampy areas 
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and of regions bearing a second growth. Species are few in number. 
Xerophytic character is conspicuous, for taiga soils are physiologically 
dry much of the year, water being freely acc*essible at the roots only 
during the short warm season of 3 to 5 months. Even in summer 
absorption of water is retarded by the (x>olness ot the soil and the 
acidity of the hurniis which accumulates in the deep, cool shade. In 
these regions of long, cold, dry winters and short cool summers, trees 
are relatively small in size, usually not over ft. in diameter, and 
growth is slow (Fig. 300). Wet swampy areas covered with sphagnum 
moss, and containing such trees as spruce and balsam, are numerous, 
these spots being designated as mv.skeg in North America. On the 
shaded forest floor vegetation is meager, mosses and lichens being the 



Fig. 301. —Relatively dense stands of fir on the Cascade Mountains in Washington. 

(U. S. Forest Service.) 

most common plant forms, and sometimes even these are stifled by 
the thick blanket of slowly decomposing needles. Little humus is made 
available to the soil, for needle leaves are a poor source of humus to 
begin with, while the low temperatures and deep shade act to retard 
decomposition and discourage the activity of soil fauna. Animal life 
is not so abundant as in the middle-lattitude forests farther south, 
although trapping is an important occupation, and the taiga is one of 
the principal sources of furs. The long-continued cold tends to maki‘ 
for heavy pelts. Wolf, bear, fox, otter, mink, ermine, squirrel, lynx, 
and sable are representative animals. 

579. Conifers in Lower Middle Latitudes, South of the great 
belts of subarctic conifers are other areas of needle trees which, al¬ 
though less extensive, are nevertheless more valuable forest regions. 
This comes about as a result of their being composed of larger trees 
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and superior timber species and at the same time being more easily 
accessible. In western North America broken belts of conifers extend 
southward from the taiga following the rainier highland chains (Pacific 
Coast Mountains and Rocky Mountains) to beyond the Mexican 



Fig. 302. —Interior view of the Pacific Douglas fir forest. This is one of the world*s 
finest softwood forests. Trees are of large size and the stand is dense. (U. S, Forest 
Service.) 

border (Figs. 301, 302). The forests of the American Pacific Coast 
states, western Canada, and Alaska constitute the most extensive area 
of fine coniferous forest anywhere in the world. Large trees, dense 
stand, good-quality timber, all contribute to this high rank. Most 
valuable of its trees is the Douglas fir, which reaches a diameter of 
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6 ft. or more and a height of more than 250 ft. East of the Rockies they 
extend southward from the taiga into southeastern Canada and the 
northern portions of the northeastern tier of American states—Minne¬ 
sota, Wisconsin, Michigan, the Adirondacks in New York, and much of 



Fig. 303.—A mixed stand of Norway 
and jack pines in northern Minnesota. 
Representative of the northeastern pine 
forest of jack, red, and white pines. 
{U, S. Department of Agriculture.) 



Fig. 304, —Mature spruce forest in 
the Adirondack Mountains, New York. 
Representative of the spruce-fir forest of 
southeastern Canada and the extreme 
northern parts of eastern United States. 
{U. S. Forest Service.) 


Maine (Figs. 303, 304). The most valuable timber trees from this 
eastern forest have been removed, leaving behind extensive areas of 
waste and cutover land of little value. South of the taiga in Eurasia 
valuable coniferous forests occupy the slopes of the Alps, Carpathians, 
and other highland regions as well as certain sandy areas of coastal 
plains. 
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Separated from this northern belt of conifers, in the United States, 
by extensive broadlcaf forests is the southern pine for esU which occupies 
the Atlantic and Gulf Coastal Plain (Plate VIII). It is composed of 
10 different species of pine of which the longleaf pine is most abundant 
(Fig. 305). Climatically this needle-tree forest seems somewhat out 
of place, for rainfall is abundant, and the growing season long. How¬ 
ever, the poor sandy soil and high evaporation are offsetting factors, 
creating an environment that is generally hostile to broadlcaf varieties. 
Open parklike character, with the ground covered by a mantle of 
coarse grasses or low shrubs, is typical. This southern pine forest has. 



Fig. 805. —The southern pine forest (longleaf-lobloJly-slash pines) of the United States, 
typical of the Atlantic and Gulf Coastal Plain. (U. S. Forest Service,) 


during the last few decades, been one of the principal sources for 
American lumber, although the peak of its production has been passed. 
Extensive areas of nearly worthless cutover land arc now one of the 
most conspicuous features of the southern-pine region. On the poorly 
drained floodplains of tlie Atlantic and Gulf Coastal Plain pines give 
way to a contrasting forest type composed of such trees as tupelo, 
red gum, and cypress (Fig. 306). 

The principal regions of forest utilization in the middle latitudes are the 
United States and Canada in the Western Hemisphere, and northern Europe 
in the Old World. In the United States it is the forests of the Pacific Coast 
states and those of the Atlantic and Gulf Coastal Plain that provide nearly 
three-quarters of the American lumber supply (Fig. 307). In Europe 
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Fig. 306.—River-bottom forest in southern United States; principally cypress, tui>ele 
and red gum. {U. S, Forest Service.) 



growth cut primarily for chemical distillation, firewood, mine props, posts, and ties. 
{Couriesp of U. 8. Forest Service.) 
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northern Russia, Finland, Sweden, and Poland are the large lumber pro¬ 
ducers. In all the regions named by far the largest cut is from conifers. 
Compared with the temperate forests of the Northern Hemisphere, those of 
the Southern Hemisphere are unimportant, althougii, to be sure, they are 
of some significance in providing local supplies of timber. 

Types of Grasslands and Their Distribution 

As stated in an earlier article, grass is the typical vegetation cover 
in subhumid or scmiarid regions, particularly where winters are cold 



Flo. 808.“ Tall coarse grasses of the African savanna north of the equator. Their 
height is about 8 ft., so that they reach well into the lower branches of the small trees. 
The latter normally are raucli less prominent. {American Geographical Society.) 

and windy and where the rain is concentrated in the vegetative season. 
Regions of abundant all-year precipitation are more likely to be in 
forest (see footnote, p. 488). 

580. Tropical Grasslands; Savanna and Steppe. Savannas 
dominantly are composed of tall and unusually coarse grasses growing 
in tufts, the latter separated by intervals of bare soil. They spring 
up rapidly at the beginning of the rainy season and may within a 
few months reach heights of 4 to 12 ft. (Figs. 308, 309). Seldom do 
savannas have the verdant, refreshing tints of humid meadows but 
instead are dull green in color with yellowish and brownish tints. 
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Blades are stiff and harsli, especially when dry. In the drought season 
the grasses become sear and brown so that they burn readily. Among 
the natives it is a common practice to burn off the old grasses in order 
to make way for new growth at the beginning of the rains. Shrubs and 
low trees usually are present, the latter becoming more numerous 
toward the humid margins, until finally grassland passes over into 
the savanna forests. Clumps of trees dot the savannas and give them a 
parklike appearance. With decreasing rainfall grasses usually diminish 



Fig. 309.—Tail-grass savanna in Kenya Colony, Africa. Flat-topped acacia trees dot 
the grassland. (American Geographical Sociefy,) 

in height and become more widely spaced, while trees become fewer, 
until finally under semiarid conditions nearly treeless steppe, composed 
of shorter grasses, prevails. Throughout the tropical grasslands dense 
galeria^ forests usually coincide with the floodplains of streams. Low- 
latitude savannas and steppes characteristically occupy intermediate 
locations between desert on the one side and forest on the other. 
Tropical grasslands were originally inhabited by a great variety of 
grazing animals such as antelope, gazelle, and giraffe, together with 
many of the larger* carnivores. All of these have suffered greatly, how¬ 
ever, at the hands of hunters. 

^From the Italian word galena, meaning “tunnel’' and referring to the arch of 
trees over the river. 
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H. L. Shantz writes as follows concerning savanna in Africa: 

“The high grass-low tree savanna is composed of a coarse, rank growth of 
grasses from 5 to 12 ft. high. The grasses do not form a turf, each plant usually 
being distinct at the base and somewiiat resembling broadcast seeding of the 
coarser cereals. Growth is rapid, but during the drought period following 
maturity the grasses dry out and are burned to the ground. ... At the be¬ 
ginning of the rainy season the fresh young blades shoot up again, forming a 
dense fresh green cover. Scattered through this grassland are a large number of 
trees of which the lower branches are in, or barely above, the full-grown grass 
cover. . , . Except wdiere paths are inade^, it is difficult to walk through the 
grass region. . . . For a short time following tlie burning of the grass the 
whole country presents a blackened surface, wdtli the trees standing out 
distinctly with scorched trunks and dead leaves. But this appearance is 
changed as soon as the grasses start growth and the trees again come into leaf. 
The patlis tljien lead between walls of tall grass, which are difficult to pene¬ 
trate. During the dry season the region resembles a dry yellow grainfield.”^ 

581. Midule-latitude Ghasseandb: Prairie and Steppe. Mid¬ 
dle-latitude grasslands are composed of finer and usually shorter 
grasses than those of tropical savannas. Two principal subdivisions 
are recognized: (a) the tail-grass prairies and (6) the short-grass and 
bunch-grass steppes. 

582. 77ie prairie is dominated by tall, luxuriant, and relatively 
deep-rooted grasses (Fig. 310). Usually there is a large variety of 
showy, flowering plants intermingled with the grasses, so that in the 
spring and early summer the original American prairies had the 
appearance of a colorful flower garden. Over most prairie regions 
the rainfall varies between 20 and 40 in., the principal supply coming 
during the summer season. Where rainfall is less than about 20 in., so 
that the depth of moist soil is under 2 ft., short grasses of the steppe 
type replace the prairie. Where the depth of moist soil is greater than 
about 30 in. the tall grasses flourish. Over the more humid parts of 
some of the world’s prairie regions, including that of the United States, 
rainfall appears to be .sufficient to support tree growth. The reason why 
grasses have been able to extend into these humid lands is not entirely 
clear. It may be the occasional dry year which prevents trees from 
gaining a foothold. It has also been suggested that the grass fires, 
started by lightning or by the inhabitants, which swept the prairies 
destroyed the young trees as rapidly as they were produced. The 
earth’s principal regions of original tall grasses are (a) parts of central 
United States and the Prairie Provinces of Canada; (b) the Argentine 

^ Shantz, H. L., and Marburt, C. F. The Vegetation and Soils of Africa. Research 
Ser. 18, Amer, Gmg. Soc,, N, F., 1923, p. 50. 
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Pampa, Uruguay, and southeastern Brazil; (c) parts of southern 
Russia; (d) the plains of the Danube in Hungary and Rumania; and 
(e) possibly parts of Manchuria (Plate VIII). In most of the prairie 
regions the original vegetation has been destroyed through bringing 
the land under cultivation. 

583. The steppe^ composed of shorter, shallow-rooted grasses, is 
typical of semiarid regions where, as indicated above, the depth 
of moist soil is usually less than 2 ft. In dry years the steppe has the 
uniform appearance of an endless carpet. In wetter y(‘ars there is 



Fig. 310. --Tail-grass prairie in the region of the Nebraska sand hills. ((/. S. Forest 

Service,) 


greater variation due to the growth of taller plants on the short-grass 
sod. Within the United States two subdivisions of steppe are rec¬ 
ognized: (a) short grass and (b) bunch grass. Short grass is char¬ 
acteristic of the Great Plains which lie east of the Rocky Mountains 
and, for the most part, west of the 100th meridian. There the meager 
rainfall is concentrated in late spring and early summer or just pre¬ 
ceding and during the growing season (Fig. 311). Bunch grass occupies 
regions with about the same amount of precipitation as does the short 
grass but where it is not so much confined to the warm season (Fig. 
312). It is characteristic of regions west of the Rocky Mountains, 
particularly in California, Washington, Oregon, Idaho, and western 
Montana. Because bunch grass is not continuous over extensive 
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regions but exists rather in the form of small isolated areas or bands, 
it has been impossible accurately to show its distribution on the 
generalized vegetation map. Large parts of the middle latitude’s 
short-grass and bunch-grass regions, although uiiplowed, have been 
overgrazed to the extent that weedy plants have taken the place 



Fig. 311.—Short-grass steppe, Colorado. {U. S. Depariment of Agriculture*) 
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Fig. 31 —Bunch grass, Oregon. {U. S, DcpartmenHof Agricidture*) 

of the original vegetation. Great herds of bison and other herbivores 
once inhabited the American grasslands, but ruthless slaughter has 
almost exterminated them. 

Desert Shrub (Including Tundra) 

584. Deserts. Some few deserts or parts of deserts are 

extensive areas of rocky plain or sand and almost wholly without 
plant life (Fig. 313). This is the exception rather than the rule, how- 
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ever, for most arid regions of both low and middle latitudes have some 
vegetation even though it is sparse. It may be low bunch grass, widely 
spaced with bushes, or in places fleshy water-storing plants such as 
cacti; but much more commonly it is perennial xerophytic shrub. 
In the United States this latter type of vegetation predominates over 
a large part of the area west of the Rockies, interrupted here and there 
by bunch grass, or by forests at higher elevations. Rainfall over much 
of this region is under 12 in. 

The perennial shrubs of desert areas grow far apart, with much 
bare soil showing between (Figs. 314, 315). This wide spacing is a 
response to low rainfall. Growth is very slow. Desert shrubs, exein]>li- 



Fig. 313.-—True desert; practically devoid of plants. 


fled by such American types as sagebrush and creosote bush, are 
physiologically equipped through special forms of roots, stems, and 
leaves to withstand drought (565). Some are deciduous, others ever¬ 
green in character. Another class of desert plants, in contrast to the 
shrubs, depends entirely upon the erratic rainfall, germinating with 
a rain, ripening seeds when the moisture is gone, and dying forthwith. 
Such annuals do not appear xerophytic, their adaption to drought 
being through a very rapid development and short duration of life. 
Their stems and leaves are delicate, roots are thin and relatively 
shallow, and flowers are of considerable size. In contrast to the scanty, 
low, pale-green vegetation of the desert proper is the verdant color 
of luxuriant vegetation around oases where water is abundant. Almost 
knife-edge boundaries frequently separate the two. In wet or sub- 
imgated land containing a high percentage of alkali, green, fleshy- 
leaved, salt-tolerant, plants are characteristic. 
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585. Tundra or Cold Deserts. Genuine tundra is composed 
largely of such lowly forms as mosses, lichens, and sedges, the whole 
incompletely covering the ground (Fig. 316). In places there is much 
bare, stony soil with only the most meager plant life. On the southern 
margins of the tundra, where it merges into the taiga or coniferous 
forest, vegetation cover is more complete, and stunted and creeping 
forms of trees and bushes are conspicuous. Grasslands exist on the 



Pig. 314. —Desert shrub, chiefly sagebrush, in Nevada; of little value as grazing land. 
{Photograph by John C, Weaver.) 


marine margins of the tundra. Owing to the coldness and acid char¬ 
acter of the soil w^hich retards water absorption, as well as to the long 
winter period of physiological drought when the soil moisture is 
locked up in solid form, most tundra plants appear xerophytic, having 
stiff, hard, leathery leaves, with thick cuticle. As a result of the short 
period between frosts the vegetative period in the tundra is reduced 
to two months or less. For this reason plants are compelled to hurry 
through their vegetative cycle, and even then many of them are 
frozen while still in flower or fruit. “An Arctic landscape at the ap¬ 
proach of winter most resembles a southern country that has been 
ravaged by a severe night frost before winter was expected. Many 
plants are put to rest while stiU in full development. Whilst the 
plants were in full activity they were paralyzed by the benumbing 
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c?old.” (Schimper.) Schimper cites an example of plants in the tundra 
of northeastern Siberia which pass through their complete vegetative 
cycle in three weeks. 

Dry tundra is comi^osed principally of lichens interspersed with 
coarse grasslike sedges. The predominance of lichens results in a 



Pig. 815.- -Desert shrub with scattered tufts of desert grass. Cape Province, South 
Africa. {American Geographical Societij.) 



Fig. 316.—Moss tundra in summer along the lower Yenisei River in western Siberia. 
{Photograph by XJ. Hall, courtesy of the Geographical Review, published by the American 
Geographical Society of New York,) 


dull, gray landscape tone. Wetter flooded areas along streams, or 
shallow basins on higher ground, are often moss swamps. The south¬ 
ward-facing drier slopes or declivities are the flower oases, where in 
summer a great variety of brilliant colors are characteristic. 

586. Animals. To animals as well as to plants tundra is in¬ 
hospitable. Bird life is largely migratory, inhabiting these regions 
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principally in summer and wintering farther south. Large, predatory 
carnivores such as bears, wolves, and foxes fare badly in winter, 
being usually in the extremity of famine and reaching spring in an 
emaciated condition. Reindeer or caribou and musk ox are the two 
largest and most valuable of the herbivorous tundra animals (Fig. 316). 
Siberian tribes never feed their reindeer but compel them to forage for 
their food even in winter. Mosquitoes and stinging flies are thick in sum¬ 
mer, these being among the principal torments of man and animals, forc¬ 
ing them to seek higher and drier sites. Most mammals of the tundra 
do not hibernate, all the smaller forms such as hares, foxes, wolves, and 
lemmings making their winter quarters underneath the snow, where tem¬ 
peratures are not so severe. Seal, walrus, and polar bears inhabit the 
coastal margins or the drift ice, where they feed chiefly on marine life. 

liiotic Resources of the Sea 

587. Plant Life. Plant life in the seas is largely confined to those 
parts where liglit is relatively abundant, viz.y (a) to the shallow coastal 
waters and {h) to tlie surface waters in general. Fixed or rooted plants are 
practically restricted to shallow waters close to land. Microscopic plant life, 
on the other hand, makes up a considerable part of the mass of floating 
organic substance called plankton, The.se microscopic plants at the surface 
of the ocean are the principal basis of sea life, for upon them myriads of 
small sea animals, such as Crustacea, feed, and they in turn are the most 
important sources of food for fish. Thus the plankton mass, composed of 
tiny plant and animal forms, is the principal reservoir of fi.sh food. On the 
whole it is most abundant in coastal waters. 

588. Edible Fish. The greatest re.source of the oceans is edible fish, 
and yet the world's annual catch, amounting roughly to $700,000,000, 
ordinarily does not equal the value of the American corn, cotton, hay, or 
wheat crop. Although seas cover approximately three-quarters of the earth's 
surface, the areas frequented by edible fish in large numbers, and in which 
they are most easily caught, are very much restricted. The type regions of 
fishing concentration are (a) the shallow coastal waters covering continental 
shelves and (6) the broad submarine elevations, called banks, in close 
proximity to the coasts. Most of the world’s fishing is done along the margins 
of continents in waters whose depths are less than 200 fathoms (1,200 ft.). 
This concentration of fish in shallow coastal waters reflects the relative 
abundanc*e of their food supply in that location. This exists in the form of 
(a) floating plankton, {h) waste received from the adjacent land, and (c) 
rooted algae in the shoal waters near shore. 

580. WotWs Impoftard Fisheries in Nontropical Waters, The com¬ 
mercial fishing grounds of world importance are, in general, outsidq the 
tropics and in the Northern Hemisphere. It is often stated that tropical 
waters contain fewer edible fish than those farther north, and a common 
explanation given is that there is a greater concentration of plankton in 
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cooler waters. This notion that both plankton and fish are less abundant in 
tropical and Southern Hemisphere seas is open to question. Certain it is 
that in the low-latitude seas the number of fish species is greater than it is 
in middle and higher latitudes. On the other hand, it is probably true that 
there are no such regional concentrations of a few valuable and better known 
species as there are farther north. Tropical fish suffer the further handicap of 
being softer and inclined to spoil more readily so that they are commercially 
less valuable. Locally, however, the fish resource of tropical coastal waters 
may be of highest importance to the native inhabitants. The outstanding 
significance of Northern Hemisphere fisheries, in all probability, is associated 
with the presence there of large areas of shallow water along the margins of 
the continents. 

590. Fishing Regions of World Importance. Organized coinmerc*ial 
fishing on a large scale is concentrated in four regions: (a) the coastal waters 
of Japan, Sakhalin, and eastern Siberia, (5) those of New England, Maritime 
Canada, and Newfoundland, (c) the coasts of northwestern Europe, and (d) 
the Pacific coasts of northwestern United States, Canada, and Alaska. Not 
only is the continental shelf around Japan and off eastern Siberia one of the 
world’s most important fishing grounds, but Japan is also the world’s most 
important fishing nation, her catch making up approximately one-quarter 
of the world's total. The annual catch of Japan is three to four times that of 
the United States or Great Britain, which are her closest rivals. Cool and 
warm currents are both present, herring being the principal food fish of the 
former, and sardines, bonito, tunny, and mackerel, of tlie latter. More than 
in most countries fish is a staple article of diet in Japan; in fact it is the main 
source of animal foodstuffs. Large quantities of fish are also used as fertilizer 
in this land of ultraintensive agriculture. 

The life of New England, Newfoundland, and Maritime Canada is 
closely associated with the development of the fish resource. Fishing here is 
carried on both in the shallow insliore coastal waters, and in the region of 
the banks, the latter being more important. The North Atlantic Banks, 
esi:endiiig as broad submarine elevations from Nantucket to the eastern 
coast of Newfoundland, are the world’s greatest cod fisheries. Herring, 
mackerel, haddock, and halibut are a few of the other commercially valuable 
species of this western North Atlantic region. Fiwsh such as herring and 
mackerel, which live relatively near the surface, are caught mainly by drift 
nets and lines. Other fish, represented by cod, halibut, and haddock, travel 
and feed in deeper waters (^00 ft. or more below the surface) and are more 
difficult to catch. These are taken {a) by hand lines operated from the decks 
of fishing boats, (5) by long trawl lines buoyed up at both ends, to which are 
attached several hundred shorter perpendicular lines, and (c) by trawl nets. 
The latter are in the form of huge cone-shaped bags, and, because of their 
size and weight and the depth at which they are operated, they must be 
hauled by steam-powered vessels called trawlers. Shell fish, especially 
oysters, obtained from the coastal waters of the Middle Atlantic States, 
are another important element of the western North Atlantic fisheries. 
Chesapeake Bay is the principal focus of this development. 
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Along the Pacific Coast of North America salmon is by fat the most 
important fish, and from that region comes practically all the world’s canned 
salmon. The habits of this fish make it particularly easy to catch, and this 
fact greatly increases the danger of salmon extermination. Each spring and 
summer millions of adult salmon, driven by the urge to spawn, leave the 
ocean and ascend the streams emptying into the Pacific from northern 
California to the Bering Sea. Before winter sets in each salmon reaches the 
river or lake of its birth and there in the sand or gravel deposits its eggs. This 
fact that, when life is about spent, the adult salmon returns to the spot of 
its birth, makes it particularly easy to catch these fish in nets as they ascend 
the coastal rivers. The result has been a rapid rise of the salmon industry on 
a particular river and then a serious decline. By 1920 the salmon industry of 
North America was threatened with depletion. As a result of conservation 
measures established since that date salmon runs have increased again in 
some of the streams. 

More than 200,000 men, drawn chiefly from Great Britain, Norway, 
Holland, and France, annually engage in fishing in the stormy waters of the 
eastern North Atlantic. In this region weatlier is characteristically bad and 
the seas rough so that the loss of life among fishermen is high. Fishing goes on 
throughout the year, although spring, wlKm plankton is most abundant 
along the coasts, is the season of greatest activity. Herring, cod, and mack¬ 
erel are the principal fish. Northwest Europe is the greatest fish-exporting 
region of the world, the annual shipments often exceeding 1,000,000 tons. 

591. Sea Mammals. In addition to edible fish, there are other sea 
animals, such as seal, walrus, and whale, w^hich are valuable for their skins, 
oil, bone, ivory, or ficsli. Without exception, each of these animals has been 
the object of such ruthless slaughter that it lias led to serious depletion of 
its numbers, and in some instances near extermination has been the result. 
The fur seal is an inhabitant of the waters and coasts of the North Pacific, 
more especially the Bering Sea, and those bordering the Antarctic continent. 
Desire for profits led to such reckless killing of these valuable animals that 
the industry has been practically ruined. To prevent complete extinction 
fur seals are now protected by international agreement. Arctic seals, valu¬ 
able principally for their oil and skins, are caught off the northeast coast of 
North America as they drift southward on the ice floes in early spring. Their 
numbers, too, have been greatly reduced. A native of shallow coastal Arctic 
waters and sought for its ivory and tough hide, the walrus has suffered the 
same fate as the seal. Formerly all these animals furnished one of the princi¬ 
pal sources of food for the natives who occupied the Arctic coasts. Whales 
inhabit both Arctic (North Atlantic Arctic and North Pacific Arctic) and 
Antarctic seas. Their particular value is for oil. In the Arctic seas whales 
have been so greatly reduced in numbers that the whaling industry has all 
but disappeared. It is now at high tide in Antarctic waters, but unless 
international regulatory measures are taken to conserve the whales of those 
regions the history of the Arctic industry will be repeated. In 1937-1938 
the number of whales killed reached the record figure of over 51,000. 





Chapter XXIV. Soils: Their Nature 
and Glassification 


592. Thk Soil Resource. Soil and water are the two most 
necessary earth resources. Prior to any requirement of building mate¬ 
rial, fuel, or power and therefore prior to the requirement of coal, 
metal, or stone is the need for these two fundamentals of existence, 
the sources of the most primitive forms of food and drink. Which of 
the two is more essential cannot be said. For food production each is 
useless without the other. Some regions are richly endowed with both 
soil and water and are capable of supporting large populations. Some 
have abundant soil but no water, whereas others have abundant water 
but little if any soil. A few, such as desert hamada, practically arc 
devoid of either (437). Unlike the air, therefore, the soil may not be 
taken for granted as one of the omnipresent items of regional equip¬ 
ment. It differs greatly from area to area, not only in quantity but in 
quality and inherent capacity for serving the needs of man. 

593. The Soil and Its Parent Material. A soil is a complex of 
mineral and organic substances. It was not created in the beginning 
exactly as it is now but rather is the product of development, or evolu¬ 
tion. It is evolved from a parent material, which is the mantle rock, 
or regolith. It is developed by slow processes, which include ordinary 
physical and chemical weathering and, in addition, some that go on 
only under the influence of living organisms. The organisms concerned 
include higher animals, earthworms, abundant forms of microscopic 
life, and especially the kinds of natural vegetation the remains of 
which have been deposited upon and within the surface soils for thou¬ 
sands of years. For this reason the soil is considered to extend down¬ 
ward only so far as abundant organic life penetrates, generally not 
more than 5 to 8 ft. Below the soil, whatever its thickness, is the parent 
material of the soil, and below that is solid rock (Fig. 112). 

Since, therefore, the regolith is derived by processes of weathering 
from the solid rock, and soil is evolved from the regolith, it is necessary 
to distinguish between the processes that accumulate the parent 
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material and those that make the soil. The former have been discussed 
under the head of the gradational processes (344). Attention will be 
directed here to the processes that make the soil and to some of the 
different properties that they impart to it. Before entering upon that 
discussion it is necessary to inquire briefly into the general nature of 
the chemical constituents and physical properties of soils. 

Fundamentals of Soil Chemistry 

594. Earth Minerals and Soil Components. The essential 
ingredients of soils are mineral substances, organic compounds, living 
organisms, water, and air. The bulk of most soils is made up of earth 
minerals. They are the same minerals as those discussed under the 
head of earth materials (315), and they are comprised of the chemical 
elements there indicated (314). In the case of any given soil it may be 
supposed that its mineral components originally were the same as 
those of its parent material, the regolith which lies underneath it. 
From its mineral components the soil derives not only a considerable 
part of its mass but also some of its elements of fertility and some of 
its peculiarities of physical constitution. 

595. Soil Elements. It was noted previously that of the many 
chemical elements found in the earth’s crust, only a few are abundant. 
The same is true with respect to soil constituents. The most abundant 
soil components are the elements oxygen, silicon, aluminum, and iron, 
and they are combined in the common minerals, or their weathered 
derivatives, which give bulk to the soil. However, they are not neces¬ 
sarily the most important elements from the standpoint of the things 
that grow in the soil. Plants are known to require for their proper 
development about 15 different elements, and scientists are discovering 
that still others play some essential part in plant growth. Of this num¬ 
ber some are supplied as gases directly from the air or as gases dissolved 
in the water of the soil. Others, including nitrogen and the necessary 
mineral elements, such as calcium, potash, and phosphorus, are taken 
in solution from the soil itself. Some of the mineral elements either 
are required in such small quantities or usually are present in the soil 
in such large quantities that their supply is not a matter of much con¬ 
cern in agriculture. 

596. Supply and Removal of the Mineral Elements. The 
mineral elements in the regolith oan be absorbed by plants only when 
they are included in the soil solutions. They are reduced to this state by 
complicated weathering processes which disintegrate and decompose 
them into smaller and smaller particles. These pass through the stage 
of fineness called clay and ultimately they reach a submicroscopic 
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size and undergo chemical change. In this state they combine with 
water and become gluelike and are known as colloids. It is believed 
that much of the nature of a soil, its fertility and agricultural character 
resides in its colloidal portion. The body of the soil will normally con¬ 
tain, therefore, particles of fresh and unweathered mineral, partially 
decomposed particles, and others grading down into the colloidal 
state. The larger particles furnish a reserve of mineral elements which 
arc slowly made available for plant use by a continuation of the 
weathering processes. 

Since plants absorb part of their sustenance in the form of dissolved 
minerals, it follows that, upon their death and oxidation, these soluble 
mineral substances also are returned to the soil in the form of ash. 
Some part of that supply is used again by other plants, but some is re¬ 
moved in solution by percolating ground water and, in humid regions, 
is carried away in the drainage waters. In arid regions, where there is 
little downward movement of ground water, the rate of removal of sol¬ 
uble salts is low, and there may be appreciable—in spots even a harm¬ 
ful—accumulation, of soluble minerals in the soil. In humid regions, 
however, the loss by leaching is heavy, and soils eventually would be 
entirely depleted were it not for reserve supplies present, but in un¬ 
available form, in the unweathered rock minerals of the soil. 

The slowness with which the new supply is made available often 
leaves humid-land soils that are continuously cropped deficient in one 
or more of the critical elements. The deficiency may, of course, be 
made up by the application of mineral fertilizers (702) but at great 
expense. Alternative means are commonly employed. One of the 
methods is fallourlng. That is the practice of allowing land to lie 

idle during one or more years in order that mineral decomposition 
may make available a sufficient amount of the critical elements to 
grow a crop. Other means include processes of conservative agriculture 
in which a part of the minerals removed from the land in the form of 
crops is returned to it in the form of animal manures mingled with 
straw and other plant refuse. 

597. Organic Matter in the Soil. Although it is true that the 
bulk of most soil is made up of minerals, it is the presence of organisms 
and of organic matter, the source of soil nitrogen, that makes soil 
essentially different from regolith. The organic matter is derived from 
plant and animal substances which, in addition to their small amounts 
of mineral ash, are made up largely of carbon, nitrogen, and water. 
Nitrogen is essential to plant growth. There is an inexhaustible supply 
of it in the air, but that is not available to plants, which must take it 
from the soil in solution. It is made available in the soil in the soluble 
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form of nitrates largely through the work of microorganisms, some of 
which are able to take nitrogen gas from the soil air and transform it. 
l^he leguminous and some other plants play an important role in this 
connection since their roots act as hosts to these nitrogen-transforming 
bacteria. Other soil organisms make nitrogen available through their 
ability to decompose the complicated organic remains of plants and 
animals which are then incorporated in the soil. Under conditions of 
low temperature the decomposition is slow, but under warm and moist 
conditions it is rapid, and both the end products of the decomposition 
and their relation to the characteristics of soils are different from those 
formed under low temperatures. In the early stages of the decomposi¬ 
tion of plant remains one may recognize in the soil some fragments of 
plant tissue, but later these are reduced to a state of division so fine 
that they assume a jellylike consistency and are of highly complex 
physical and chemical properties. Finally this material also reaches the 
colloidal state and is taken into solution. The abundant organic matter 
of some soils includes the accumulations of many years. Some of it is 
recent and only slightly decomposed, while the larger part is so far 
decomposed that it exists in the jellylike or waxy colloidal form. This 
substance is usually referred to as humus. 

The dissolved organic matter of the soil is constantly drawn upon 
by plants to furnish the nitrogen required by them, but if a proper 
amount of raw organic matter is added to the soil each year it gradually 
decomposes, and the humus supply is maintained. Some soils have by 
nature very small amounts of humus, but others are richly supplied 
with it. Some, like peat soils, are made up largely of raw or little- 
decomposed organic matter which has not yet reached the condition 
of humus. 

The part played by the organic material of the soil in maintaining 
soil fertility is exceedingly complicated, but it includes the following: 
(a) The organic material, when finally it is taken into solution, fur¬ 
nishes food to plants, not only nitrogen but also such quantities of 
j)hosphorus, potassium, and calcium as remain from the plant and 
animal tissues from which it is derived. (6) The processes of decom¬ 
position yield organic acids which aid in the solution of soil materials, 
(c) Organic material is necessary to the existence of the microorganisms 
of the soil, those which break down the organic compoundss and also 
others which are beneficial to plants, (d) The jellylike nature of 
the humus causes it to have a high capacity for the absorption of 
water and of substances dissolved in water. This tends not only to 
maintain a supply of soil water for plants but also to retard the re¬ 
moval, or leaching, of dissolved minerals until plants can use them, {e) 
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The presence of humus promotes an arrangement, or structure, of 
the soil particles which is favorable to cultivation and plant growth 
(602). 

598. Acid Soils and Alkaline Soils. Soil water, through the 
solution of carbon dioxide from the air and the addition of the acid prod¬ 
ucts of organic and mineral decomposition, tends to become a weak 
acid. Many soil constituents, such as lime, sodium, and others which 
may be called the alkaline earths, have basic reactions. In the proc¬ 
esses of chemical weathering the acid-soil waters attack the alkaline 
minerals, neutralize or dissolve them, and are themselves neutralized. 
Ill localities where ground water and the organic acids are abundant 
they tend to neutralize and remove all the readily available alkaline 
substances, and thereafter the soil solutions have generally acid re¬ 
actions. The soil, under such conditions, is said to be acid, or sour. 
Strongly acid soils generally are unfavorable to the existence of earth¬ 
worms and various soil bacteria, especially those that transform 
atmospheric nitrogen. Acid soils are likely, therefore, to be poor in 
available nitrogen although they may contain large amounts of unde¬ 
composed organic remains. 

In dry regions the weathering of rocks furnishes alkaline earths, 
but supplies of both soil water and organic acids are limited. Conse¬ 
quently the soluble alkaline substances are not all leached out but 
tend to accumulate in the soil and give it an alkaline reaction or to 
become strongly charged with saline matter, including common salt. In 
some regions the supply of soil acids is just sufficient to balance, or 
neutralize, the alkaline substances as they are supplied from the soil 
minerals. The soils of such regions give neutral reactions and are well 
suited to the growth of most agricultural plants. Many crops will 
grow in soils which are either slightly acid or slightly alkaline. Some 
show a marked tolerance of acid soils; others of alkaline soils. How¬ 
ever, there are some localities that have soils which are so highly 
acid, and others in which the soils are so strongly alkaline, that the 
common crops will not grow in them. They produce only weeds or 
shrubs of little value or nothing at all. The problem is not entirely 
simple, since there are various kinds and conditions of soil acidity and 
alkalinity. In general, however, the acidity of a soil may be reduced 
or corrected by. the addition of an alkaline substance, especially 
pulverized limestone. The excess of alkaline or saline substance, which 
is found in the soils of some arid lands, usually is capable of removal 
by the application of abundant irrigation water and the provision of 
good drainage. This practice tends to dissolve the excess and to carry 
it away in the drainage waters. 
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From the above it is apparent that the factor which more than any 
other determines the acidity or alkalinity of the soil is the degree of 
leaching. This in turn depends largely upon the rainfall but also on 
temperature, vegetation, and other factors. Humid regions have in gen¬ 
eral acid soils, whereas those of dry regions tend to be alkaline or saline. 

Fundamentals of Soil Physics 

599. Important Physical Properties of Soils. The agricul¬ 
tural utility of soils is not determined by their chemical properties 
alone or by the mere presence or absence of the critical elements of soil 
fertility. Certain physical characteristics have quite as much to do 
with their ability to produce crops abundantly. The more important 
among the various physical properties are (a) the size of the soil 
])articles (soil texture); (h) the quantity of water included in the soil 
and the manner of its retention; (c) the manner of arrangement of 
lh(i soil partic^les with r(‘spect to each other and the volume of the pore 
space included between them (soil structure); and (d) the soil color. 

GOO. Soil Texture. The mineral particles of which soils are 
largt^ly composed vary greatly in size from one locality to another 
and often from the surface downward also. In some soils coarse particles 
are i)redominant; in others exceedingly fine ones; whereas in many 
tlure is an intimate intermingling of particles of various sizes. The 
quality imparted to a soil by the predominance of one size of particle, 
or by a mixture of sizes, is called its texture. Some of the commonly 
recognized textural classes are coarse sand, fine sand, silt, and clay. 
The particles thus described may vary in size from diameters of about 
one millimeter in coarse sands to diameters of less than one-five- 
hundredth of a millimeter in clays. The clays include the finest 
particles capable of being seen, even with a microscope. However, 
other still smaller particles exist—the inorganic colloids, or colloidal 
clays. Soils may, therefore, include in their composition visible par¬ 
ticles of mineral matter, visible particles of organic matter, colloidal 
clays, organic colloids, and material in solution. The colloidal sub¬ 
stance appears to exist in part independently of the soil particles 
but mainly as a gelatinous coating upon them. Finely divided soils 
have larger surface areas than do soils of coarse texture. It is from the 
surface areas of soil particles and from the films of soil solution and 
colloids upon them that plant roots draw much of their nourishment. 
Therefore, fine soils, having large surface areas, provide large feeding 
areas for plant roots. 

601. Water and Air in the Soil. Plants absorb their food 
from the soil solutions, but only a few crop plants are able to thrive 
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in soils in which the pore space between the soil particles is completely 
filled with water all the time. Most of them require soils containing 
both air and water. However, the yearly water requirement of plants is 
large. It has been shown by experiments to be, for various crops, as 
much as three hundred to one thousand times the dry weight of the 
mature plant. Water exists in the soil in various relationships. 

The water of the soil is supplied from the atmosphere. Even in 
regions that are nearly rainless, the soil may not be absolutely dry, 

FORMS OP SOIL WATER. capable of taking from the air that pen- 

etrates it a minute quantity of water vapor. This 
I is held as a microscopic film of water molecules 
S upon the outsides of the individual soil particles 

_ ^ and especially by the soil colloids. It is known as 

hygroscopic water. It is more abundant in humid re- 


^ gions than in dry ones, in fine soils of large surface 
^ area than in those of coarse texture, and in soils of 


high colloidal content than in those low in colloids. 
^ Hygroscopic water adheres firmly to the soil parti- 
^ cles, does not move from one part of the soil to 
I another, and is very resistant to evaporation. 

Soils that are moistened frequently liav(‘ 

Fig. 3l7.-~Tlic thicker films of water about their particles. This 
ruled areas indicate . n , ^ t. • i i i .1 -i 

soil grains, the called capillary water. It is held upon the soil 

blackened margins particles by its own surface tension and is ab- 
water, and the white sorbed by the Soil colloids in great quantity, caus- 
areas air spaces. them to swell and giving them their jellylike 

consistency. The capillary film upon ordinary soil particles does 
not fill the pore spaces between them but exists together with soil 
air (Fig. 317). It is, however, with its dissolved materials, readily 
available to plants. When the supply of capillary water is abundant 
it moves slowly downward under the pull of gravity. When the supply 
is diminished by plant use or surface evaporation it may move hori¬ 
zontally, or even creep upward, under the pull of its own surface 
tension. In fine-textured soil water may be drawn upward in this 
manner from depths of a few inches or several feet, although in periods 
of extreme drought it may not rise fast enough to furnish plants a 
suflicient supply. In soils of coarse texture, both the amount and the 
movement of capillary water are limited. Fine soils of high organic 
content are capable of holding great quantities of water on their large 
surface areas and in their organic colloids and colloidal clays. It is this 
property which makes them plastic, sticky, and retentive of water 
when coarser but equally moistened soils are crumbly and quickly 
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dried out. It also causes them to swell when they are wet and to shrink 
and crack open when they are dry. Some soils of high colloidal content, 
especially in regions of savanna climate, crack open so widely during 
the season of prolonged drought that much of the surface material 
crumbles and falls or is blown into the cracks. This causes a sort of 
natural overturn or circulation of the upper soil, which is sometimes 
said to ‘‘plow itself.” 

Immediately following protracted rains the pore spaces of soils may 
})e completely filled with water, tlisplaciiig the air. In this condition 
there is water in excess of that which can attach itself to the soil 
particles, and the surplus will move downward into the zone of ground 
water. This may be called gravitional water. In low sites, where the 
ground-water table coincides with the land surface, or in localities 
where water is prevented from downward movement by an impervious 
layer in the subsoil, there may be a permanent supply of gravitional 
water at the surface. That will create a waterlogged or swampy soil 
in which most cultivated plants will not grow. Where good under- 
<Irainage (‘xists, tlie gravitional water moves downward, quickly 
in soils of coarse texture or open structure and slowdy in those which 
are fine and com])act. 

It will be seen, therefore, that in all except coarse soils water 
moves botli downward and upward. In humid regions the supply of 
surface moisture is sufficient to keep the downward movement con¬ 
siderably in excess of that in the upward direction. In arid regions, 
however, the supply of precipitation is insufficient to provide enough 
water to cause a gravitational movement down to the level of a deep 
ground-water table. Surplus gravitational water may distribute itself 
downward for a few feet, but later it creeps upward as capillary water 
bringing with it salts dissolved below. It is by this means that lime 
and other salts accumulate in the upper horizons of dry-land soils, 
while in humid-land soils they are leached out and carried away in the 
underdrainage. 

602. Soil Structure. Not all the important physical conditions 
of the soil may be explained in terms of soil texture. If that were true, 
fine-grained soils would always be compact and impervious to water, 
but such is not the case. Instead, it is found that many clays and silty 
soils have an arrangement of particles that is permeable to water, 
admits abundant soil air, and prevents the soil from being heavy, 
tough, or cold. This property of a soil is called its structure. A good 
soil structure is attained by the association of soil particles into groups 
or granules, which then behave as individuals. These groups, which are 
sometimes called flooetdes^ may themselves be arranged into larger 
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compound groups and thus build up a structure in which there are 
pore spaces between the particles in the floccules and larger spaces 
between the floccules or larger groups (Fig. 318). Structures of this kind 
are not present in all soils. They may be produced in certain soils by 
proper management, and they may be destroyed by improper treat¬ 
ment. They commonly are found in soils of fine texture and good 

colloidal content, but sandy soils 
are essentially without structure, 
each sand particle acting as an 
individual. 

608. Pore ^pace in Soils. Soils 
of fine; texture, in whicli the particles 
are well flocculated, build up internal 
structures in which the pore space 
available for air, water, and root pen¬ 
etration is much greater than in most 
structureless soils. In the latter the 
actual amount of pore space is believed 
to be sometimes less than per cent of the soil volume. In highly flocculated 
clays it may exceed 60 per cent. A flocculated clay is, therefore, permeable 
and open in structure; but if its good structure is lost, a clay becomes very 
compact, tough, and highly impermeable, because of the smallness of its 
pore spaces and their partial filling by colloids which prevent the ready 
circulation of water and air. Most agricultural soils include amounts of 
pore space ranging between 35 and 50 per cent of the soil volume. However, 
the porosity of the upper and lower portions of the same soil may differ 
considerably, and time may change the porosity of a soil through changes in 
chemical composition or soil management. 

A good structural arrangement of soil particles, with ample pore space, 
is promoted by the presence of lime and by the growth and decay of plant 
roots or the addition of organic fertilizers. These form films of colloidal and 
limy material which coagulate into waxy cements that attach the soil 
particles together, without filling the pore spaces, and thus keep the floccules 
from falling apart. The desirable structure may be destroyed by permitting 
the exhaustion of lime and organic matter from the soil. With the depletion 
of those materials the colloids lose their waxy coagulated form and become 
dispersed and are removed from the soil by underdrainage. The weakene<l 
cements permit the soil granules to fall apart, and their disintegration is 
aided by rains beating upon the bare earth or by cultivation when the soil 
is very wet. A badly deflocculated clay, when dried out, is difficult to till 
and breaks up into coarse lumps which do not make a good seedbed. In a 
soil of good structure the floccules maintain their identity under cultivation 
but separate into groups of various sizes and shapes which are sometimes 
described by appropriate terms, such as mealy, platy, granular, buckshot, 
or lumpy structures. 



Fig. 318.—A diagram to illustrate 
structure and pore space in a flocculated 
soil. 
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604. Soil Color. In many regions the color of the soil is a con¬ 
spicuous feature of the landscape. Important as that is to the geogra¬ 
pher, it is not its only significance. Soils range in color through a wide 
variation of shades or tints from white to black. Among the commonest 
colors are dull shades of red, rust brown, or yellow. These are due to 
different forms, degrees of hydration, and intensities of the oxides of 
iron which exist as thin coatings or stains upon the soil grains. In some 
humid regions a whitish color commonly results from a lack of iron. In 
arid regions the same color may denote a harmful concentration of 
soluble salts. Black and dark-brown colors in soils usually, but not 
always, denote a considerable content of organic matter. In many soils 
two or more color-forming elements are present, giving rise to inter¬ 
mediate colors, such as yellowish brown or grayish brown. Because soil 
color usually has some basis in physical or chemical conditions, it is 
commonly assumed with good reason that dark soils are productive 
and that the light-colored ones (red to white) are, by comparison, 
unproductive. Although this is true of many soils, it is not always so. 

The color of soil changes, not only from place to place but also 
from the surface downward and from one time to another. Surface 
soils, in some regions, are prevailingly unlike their subsoils in color, 
and wet soils generally are darker in color than the same soils when 
dry. The prevalent color of the soil of a region is, therefore, some 
indication of the general nature of the physical and chemical properties 
of the soil there, and it is used as a convenient designation for soils 
of the different major soils groups of the world, which are to be dis¬ 
cussed later. Soil color has some relation to soil temperature also. 
Dark soils are better absorbers of solar radiation than are those of 
light color, and therefore they tend to be warmer. However, the 
warmth of a soil is even more dependent upon the circulation of air 
and water in it. For that reason a light-colored but permeable sand 
may warm up quickly in spite of its color. 

Factors in Soil Formation 

605. Parent Materials and Soil Formation. It has been 
noted previously that soil is developed from a parent material, which 
is the regolith. Although the processes of development, when carried 
to completion, impart new characteristics to the soil complex, they do 
not in all soils erase completely the effects of strong contrasts in the 
parent materials. Some of the latter change rapidly, whereas others are 
highly resistant to change. Some are highly complex mineral com¬ 
pounds; others are simple. Some are high in lime, others low. Sandy 
soils develop from very sandy parent materials regardless of environ¬ 
mental conditions. The effects of parent material are generally more 
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visible in young and imperfectly developed soils, such as river alluvium, 
than in old ones. 

606. The Climatic Factor in Soil Development. Climate 
influences soil formation both directly and indirectly. Directly it 
affects the weathering of rocks, the percolation of water through the 
s<)il, and the work of the gradational agents. The soils of humid regions 
are more leached than those of dry lands. They are commonly more 
acid also and usually have little available lime, whereas those of arid 
lands are little leached and usually contain lime or soluble salts. 
Climate also affects the development of the soil through its seasonal 
variations in temperature and rainfall. Prevailingly high temperatures 
promote rapid chemical change in the soil, and cold slows it down. 
Alternating seasons of rain and drought cause soils to develop color 
and composition different from those of soils of continuously rainy 
regions. Wind acts as a drying agent in soil formation, and deflation 
and wind deposition are important soil-forming processes in some 
localities. These are but a few' of the many ways in which the climatic 
elements are concerned with the processes of soil development. 

607. The Bioloiuo Factor in Soil Development. Both plants 
and animals play important parts in soil formation. Microorganisms 
(bacteria, fungi, protozoa, etc.) cause the decay of plant and animal 
remains and aid in their transformation into humus. Some kinds trans¬ 
form atmospheric nitrogen into soil nitrogen, as previously noted. 
These minute organisms live and die in such vast numbers (billions 
per gram of soil) that their own bodies also make an important con¬ 
tribution to the organic content of the soil. The roots of higher plants, 
such as grasses and trees, penetrate the soil and help to make it porous. 
When they die they add organic matter within the soil. Deep-rooted 
plants bring mineral solutions up from the subsoil and build them into 
their tissues. When these die and decay the minerals are added to the 
upper soil layers. However, the organic acids provided by plant decay 
in humid regions hasten the soil-leaching process. The work of worms 
is most important in mixing organic remains with the mineral soil 
constituents and in bringing subsoil minerals to the surface. Burrowing 
animals perform a similar service on a smaller scale, and all animals 
aid, to some extent, in soil formation when plant products pass 
through their digestive tracts and are returned to the soil for further 
transformation, 

608. Surface Relief as a Factor in Soil Development. In 
addition to the other factors mentioned, the development of the soil 
is influenced by its physical site. This is because differences in surface 
slope may greatly affect the moisture and air conditions within the 
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soil and the rate of its surface erosion. Ideal development is most 
likely to take place on rolling and well-drained uplands where there is 
free underdrainage and moderate surface erosion. On such sites the 
removal of old and leached surface material by erosion just about 
keeps pace with the downward progress of the soil-forming processes. 
Soils developing under such conditions are called mature or normal 
soils. The soils of steep slopes, on the contrary, generally fail to develop 
to maturity because much of the rain water runs off the surface 
instead of percolating into the ground. This produces less leaching than 
is normal for the climatic situation, an<l it accelerates surface erosion, 
exposing the less developed lower layers. Lack of soil water and 
increased erosion reduce the density of the vegetative cover and thus 
modify the organic contribution' to the soil development also. In 
poorly drained or marshy areas soils do not develop normally either. 
But in this case it is due to the slowness of leaching and to the fact 
that air cannot penetrate. Hence the usual organic processes are not 
carried out. 

Soil Zones, Soil Profiles, and Soil Classification 

609. Environment and Soil Zonation, Because of the fact that 
climate is an important factor in soil formation, there is a notable cor¬ 
relation between the world distribution of the major soil types on the 
one hand, and that of the great climatic regions with their characteris¬ 
tic vegetational associations, on the other. The relationship is most 
clearly seen in the distribution of the maturely developed soils. Such 
normal soils show great uniformity within a given set of environmental 
conditions regardless of the parent materials from which they are 
derived, and they show likewise great differences in character under 
different climatic environments, even though their parent materials 
may have been similar. Because they arc characteristic of large 
regions or zones, which are more or less similar to the great climatic 
regions, these are sometimes called the zonal soils. There are other soil 
types which are found in all the climatic zones, and these are called 
intrazonal. In them some one factor, such as peculiar character in the 
parent material, outweighs the effects of climate and all other environ- 
mental conditions. Still other soil types seem to have no relation to 
the great soil zones. Generally they are found in areas of extremely 
youthful and undeveloped regolith, such as newly deposited alluvium, 
dune sand, or nearly bare rock. They are called azonal soils. 

610 . The Soil Profile. It will be apparent from the preceding 
discussion that some of the more important properties of zonal soils 
arc acquired through development. A soil may be thought of as being 
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somewhat like an organism, in that it has some qualities derived 
from its ancestry and some that come as a result of growing up under 
a given set of environmental conditions. Moreover, as a soil advances 
in age the qualities inherited from its ancestry tend to become less 
important in its make-up, whereas those which are acquired through 
development tend to assume greater importance. 

In soils that have been subjected for a long time to the soil-forming 
processes, the qualities acquired through development are made 
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evident by an arrangement of the soil into layers, or horizons, of differ¬ 
ent thicknesses and diflferent chemical and physical properties. The 
succession of these layers, from the surface down to the underlying 
parent material of the soil, is called the soil profile. 

611. Parts of the Soil Profile. Three horizons are commonly 
recognized: an upper, or A, horizon; an intermediate, or B, horizon; and 
a lower, or C, horizon (Fig. 319). In most soils the A horizon is dis¬ 
tinguished from the others in color, texture, and structure. It is that 
part of the soil in which organic life is most abundant, and in grassland 
soils it may consist almost wholly of organic material. In forest soils 
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it may have a thin layer of organic material while its lower portion 
has lost some of its mineral constituents. In humid regions, generally, 
its development has involved the loss of something from its original 
composition. Through the work of percolating water some soluble 
material has been leached out, and some finely divided material has 
been carried out in suspension, or eluviated. The A horizon is, therefore, 
in most humid-land soils a horizon of leaching and eluviation and is 
left poorer in soluble substances and coarser in texture as a result. The 
B horizon is, in contrast, one of illuviation. In it are deposited some of 
the materials carried in suspension from above and some parts of those 
carried in solution either from above or from below. It is a zone of 
enrichment, and in some soils it is made dense and impenetrable by its 
additions. The C horizon is the little changed parent material, or 
regolith, from which the soil was derivc^d. The thickness of each of 
these horizons varies greatly with the type of soil. In some they are 
thin, and in others so thick that, for purposes of minute description, 
each horizon is furtlier subdivided. 

612. Mature and Immature Profiles. Although uniform 
conditions of climate and natural vegetation tend to unify soil develop¬ 
ment, not all the soils of a given locality are likely to have the same 
profile. It was indicated above that a mature soil is the result of the 
slow evolution of a soil in its given environment. Such a soil may be 
said to have a mature profile and to represent the climax of development 
under the given conditions. The profile cannot develop ideally if 
the soil-making forces are interfered with by rapid erosion or rapid 
aggradation or are retarded by poor drainage. Therefore, many soils 
have not mature profiles. Instead, their horizons show evidence of 
disturbance or of arrested development, so that they remain immature. 
Some soils, such as deep sands, have developed no horizons and 
therefore have no profiles. 

It cannot be expected, therefore, that all the soils of a district 
will have the mature profile typical of that district. In fact, in some 
considerable areas little if any mature soil is to be found. The normal 
processes of agriculture such as deforestation, plowing, and heavy 
grazing tend to increase the rate of erosion and to intermingle and 
otherwise destroy soil horizons. Indeed, the typical profiles of mature 
soils probably are nearly, if not quite, restricted to the virgin soils of a 
region, whether they are the soils of forest or those of prairie. Of their 
virgin soils many regions of high agricultural development have left 
only a few scattered remnants. Yet, w^hen mature soils are present, 
they show significant similarities of profile over large areas, even when 
they are derived from widely different parent materials. Moreover, 
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even the soils of incompletely or imperfectly developed profiles in a 
region commonly have qualities that indicate a developmental progress 
in the direction of the regional type. 

613. The Limitations of a Genekal Ci^ssification of Soils. Any 
attempt to secure a world view of the function of soil as an element of eartli 
environment recpiires tliat soils be grouped in a manner suited to convenient 
description and such that the general features of their world distribution 
may be understood readily. The physiographic terms that have been used 
heretofore to describe classes of the regolith, such as residual, transported, 
alluvial, aeolian, and others, are not aclecpiate to d(\scribe all the significant 
soil differences. The classifications used by agricultural experts in describing 
the local differences of soils are too complicated to be grasped quickly. 
If there is any sound basis for generalization u})on a subject of such infinite 
variety as the soil, it appears to be in a discov(‘rable degree of regional unity 
in the characteristics of mature soils as t^xpressed in their profiles. It is 
upon that basis that European and American soil scientists have succeeded, 
in recent decades, in evolving a system of classification having general 
application. However, the details of even that system far exceed the limits 
of this brief treatment, and it must here be subjected to further generaliza¬ 
tion. So general a classification must be employed with full understanding 
of the fact that it does not adequately account for many of the details of 
soil condition and soil distribution in specific localities. 

614. Mature Soils as a Basis of Soil Classification. The 
characteristics of mature soils make a convenient basis upon which 
to classify the soils of the world, in spite of the fact that mature soil 
is almost lacking in some localities. It is a good basis because it rests 
primarily upon the essential properties of the soil itself and not upon 
the manner of soil origin. It rests upon the properties of all the soil 
horizons and not upon those of the surface layer alone. Classification 
upon that basis has the further merit of recognizing the effects of all 
the soil-making forces, especially climate, and makes it possible to 
understand the relations of the different soil types to each other. 

In proceeding to a classification of the soils of the world upon 
the basis of mature soil type it should be reemphasized that soils of 
mature profile are not the only soils in most localities and that they 
are not everywhere the most productive soils from the agricultural 
viewpoint. Each region has also its intrazonal and azonal soils. In 
many regions they are much more abundant than the mature soils. 
These cannot be classified regionally upon the basis of mature soil 
type but must be recognized as existing in ^sociation with each of the 
classes so made. 
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615. Majoh ('LAssfis of Soils. Among the various factors that 
combine to transform regolith into soil, no other is more important 
than condition of climate. Quantity of soil moisture and prevalent 
conditions of soil temperature affect the soil directly, as has previously 
been indicated, and they also condition the growth of natural vegeta¬ 
tion and the activity of microorganisms. It is possible, therefore, to 
distinguish clearly, upon the basis of their mature profiles, between 
the soils of humid forest regions and those of desert and steppe regions 
and, likewise, between the forest soils of the tropics and those of middle 
or high latitudes. 

The mature soils of humid regions generally have developed under 
natural vegetations of forest or woodland. There the organic matter is 
incorporated in the soil more slowly than in the grasslands. Therefore, 
humid-land soils, as a whole, are much leached, prevailingly light in 
color, and characterized by a comparatively low content of both 
organic matter and mineral plant foods. However, the chemical nature 
of the soil-forming processes, and the results produced by them in 
terms of soil profiles, are notably different in warm humid regions 
from those which oj)eratc in cool humid regions. The dominant soil¬ 
making process of the tropical and subtropical forest regions is called 
laterization. Through this process the organic soil material is rapidly 
mineralized and leached out, the basic soil minerals are lost, and even 
the silica is largely dissolved. When this yjrocess is carried on to its 
extreme development there remain principally the hydroxides of 
aluminum and iron, and this residual material is called laterite. In the 
subarctic forest lands, on the contrary, the dominant soil-making 
process is called podzolizaiion. Owing to differences in climate, its 
processes are unlike those of laterization. Half-decayed and acid 
organic matter accumulates on the top of the soil. The upper soil is 
leached of its iron and aluminum compounds, and the remaining 
material is high in silica. In the subsoil there is an accumulation of 
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finely divided organic matter, iron and other mineral compounds 
leached from above and deposited below. The final product of this 
process is an acid, unproductive soil called podzol. 

It appears, therefore, that laterites should be widespread in the 
humid tropics and podzols in the subarctic regions, but both these 
assumptions are not entirely supported by the facts. Although podzols 
do in fact occur widely in the higher latitudes, true laterite is not wide¬ 
spread in the tropics. Generally, however, tropical soils are lateritic in 
type and have progressed through some x>art of the lateritic process. 
Fodzolization, on the other hand, is characteristic not only of the 
subarctic but, in modified form, extends into the forest regions of 
the lower middle latitudes and even to the tropics, where some soils 
of podzolic type exist beside, or have even developed from, those of 
lateritic origin. The notable thing in this connection, however, is that 
these two extremes do appear, that intermediate types exist, and that 
they form rude belts or zones corresf>onding roughly with the 
temperature modifications of the humid lands. These are the soil 
zones. 

The mature soils of subhumid and dry regions generally have 
developed under natural vegetations of grass or desert shrub. Idiey are, 
because of the lack of abundant soil moisture, characterized by a 
considerable, and in some places excessive, content of soluble mineral 
matter. Although there are some significant differences between the 
soils of the warm dry regions and those of the cool dry regions they 
are not so marked as are those between the laterites and the podzols 
in the humid regions. Instead, there is a greater difference between the 
soils of the very arid or desert regions and those of the subhumid 
grassland regions, whether they lie in low latitudes or farther poleward. 
The*typical mature soil of a desert region is gray in color, high in saline 
or alkaline minerals, and low in organic matter, while that of the sub¬ 
humid grassland region is neutral or moderately alkaline, black or 
dark brown in color, and high in organic matter. The desert and grass¬ 
land soils are zonal also, but with respect to the moisture supply 
rather than to temperature. 

A brief survey may now be made of each of the principal soil 
groups of the world ^th respect to its profile characteristics and 
its inherent capacity for human use. Attention may be directed also 
to the major features of the world distribution of the great soil groups, 
of which a generalized view is presented graphically in Plate IX. The 
fact that this map of the world distribution of soil groups leaves much 
to be desired is due to at least three conditions: (a) The small scale 
of the map requires that it be very general, but the facts of soil distribu- 
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tion are highly detailed, (b) Large areas of some of the continents are 
incompletely snrvjeyed as to soil, and information about them is 
inadequate or almost entirely lacking, (c) Writers in describing the 
soils of other lands have not always done so in the terms employed 
in the present classification, or they have used the same terms but with 
different meanings. Attempts to harmonize such descriptions have not 
been attended by uniformly satisfactory results. 

Soils of the Humid Forest Lands 

616. It was noted above that the mature soils of the humid forest 
lands are of two extreme groups, with several of intermediate charac¬ 
ter. These may be considered in the following order: (a) the lateritic 
soils, found generally in regions of tropical rainforest climate or the 
humid subtropics; (6) the podzols, which are found principally in 
the regions of subarctic coniferous forest; and (c) the gray-brown 
podzolic forest soils, which are found in the broadleaf forest regions, 
intermediate between the other two (Plates VIII, IX). 

617. TnopiCAL AND Subtropical Red and Yellow Soils. 
Although mature soils in the regions of warm and humid climates are 
developed largely by the lateritic decomposition of rocks, it does not 
follow that they are all alike. In fact they are of great variety, since 
the original rocks differ greatly, there are various degrees of lateriza- 
tion, and some of the lateritic materials have been more or less podzol- 
ized. Within the general regions of the humid tropics and subtropics 
also, there are numerous types of intrazonal or azonal soils. The 
resulting association of types is so complex that no attempt will be 
made to distinguish them in the soils map of the world (Plate IX). 
However, the outstanding characteristics of some of them may be 
noted briefly, particularly as they may be related to use of the land 
for agricultural crops. 

618. Lateritic Red Soils, Soils so highly laterized as to be true 
laterites (L. later, brick) are not widespread. They seem to reach their 
highest development in the well-drained uplands of regions having 
the savanna type of rainfall regime. In general the laterites are gran¬ 
ular, porous, and have low water-holding capacity. They are capable 
of being tilled immediately after heavy rains but are subject to drought. 
Being highly leached, they are low in plant foods, both mineral and 
organic, and are not capable of sustained cropping without heavy 
fertilization. And, since they are porous, they require irrigation in 
dry seasons. Most of them have red or brown A horizons and deep B 
horizons of dark red color. Such as are weathered from rocks high in 
iron are composed largely of iron oxide, and some are suitable for use 
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as iron ore. In certain localities the original rocks were high in feldspars 
and low in iron-containing minerals. The lower horizons of the laterites 
derived from them are buff or gray in color and consist largely of the 
hydrous oxides of aluminum. Some are so rich in aluminum that they 
are used as ores of that metal. 

Far more extensive in area than the true laterites, and of much 
greater agricultural importance, are related types which may be called 
the latentie red and yellow soils. Not only are they found in the rainy 
forest lands of the tropics, but they are also widespread in the humid 
subtropics, such as the cotton belt of the United States and southern 
China (Plate IX). They have been subjected to the process of lateriza- 
tion, but either the process has not been so complete as in the case of 
the laterites or it has taken place under slightly different conditions 
of rainfall and drainage. The upp(‘r horizons of these soils gcm‘rally 
are brown, friable clays and loams. The B horizons usually are deep 
and more compact than in the laterites, and their colors vary from red 
to yellow or mottled. The lighter colors result from a less completcj 
oxidation of the iron content, and this in turn is believed to indicate 
more abundant soil moisture resulting from either greater rainfall or 
less thorough underdrainage. Some of the red and yellow soils have 
been more or less affected by podzolic ])rocesses, especially such as 
arc derived from sandy materials and are porous, as in the Atlantic 
Coastal Plain of the United States. In such soils, a thin upper layer of 
organic material is underlain by a leached gray or yellow iV horizon, 
and this in turn is underlain by an acid B horizon of red or yellow 
lateritic material. 

The agricultural capacity of the mature red and yellow soils is 
distinctly better than that of the laterites. Although, as a class, they 
are low in readily available lime and other alkaline substances, they 
still contain some reserves of unweathered rock minerals and consider¬ 
able colloidal materials from which these plant foods may be made 
available. Their.generally finer textures cause them to be more reten¬ 
tive of moisture, but to permit adequate drainage. However, their 
supplies of organic matter seldom are abundant. Under cultivation 
the colors of the red and yellow subsoils usually predominate. That 
is because cropping quickly uses the small surface reserve of organic 
matter, plowing tends to intermingle the A and B horizons, and the 
higher clay content of these soils makes them more subject to erosion 
than are the laterites. Although they presently become exhausted 
under continuous cropping, they respond' well to fertilizers because 
of their fine textures. In some regions they are kept in continuous 
productivity by heavy fertilization, but in othei*s worn-out lands are 
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abandoned for periods of years to permit the accumulation of new 
reserves of plant food. 

619. Soils Associated with the Lateritic' Red Soils. It 
was noted previously that mature soils of the lateritic red type, like 
other mature soils, attain their best development upon undulating 
surfaces where underdrainage is free and erosion is small but not 
entirely absent. From that it may be inferred that there are many 
localities, within the large areas shown as lateritic soils on Plate IX, 
that do not have mature soils of that type. The soils of some of these 
are intrazonal, and those of others are azonal in character. Among the 
former are the soils of boglands or other areas of poor drainage and 
such as have an unusual lime content, owing to the limy nature of 
their parent materials. The azonal types include the rapidly eroding 
surfaces of st(‘ep slopes, where the soils are thin, stony, and immature. 
They also inclmh' porous sands without profile development, recent 
deposits of volcanic ash, and especially the rt^cent alluvial deposits 
of floodplains and deltas. In these latter the rate of accumulation 
is too rapid to permit of the slow development of the normal profile. 
Yet in most instances they are, where adequately drained, more 
productive agricultural lands than the mature soils with which they 
are associated. Ilenceforth it will be understood that the intrazonal 
and azonal soils exist in association with each of the great soil groups 
to be discussed, and particular reference to their characteristics will 
be brief. 

620. Podzols. Podzols are the typical mature soils of regions 
having subarctic climate (Plate IX). Although it is known to occur 
in the humid tropics and subtropics, podzolization is much more 
favored by long winters and short summers. Podzolic soils are different 
from lateritic soils in structure, profile, and color. 

The mature podzol is developed under a natural vegetation of 
forest, but in this case it is mainly coniferous forest. The effect of 
long cold winter and moderate summer temperatures and a forest 
litter of resinous pine needles is to retard bacterial action and to 
permit the formation of a brown layer of raw humus or half-dccom- 
posed organic remains, which represents the accumulation of many 
years. This spongy material on the forest floor retains water, becomes 
highly acid as the result of fermentation, and the downward-moving 
soil solutions are made acid by it. The strong acidity is unfavorable to 
the existence of earthworms, and they are few. Consequently their 
customary work of mingling the decaying vegetation with the upper 
soil layers is not accomplished, and the line of separation between raw 
surface humus and the mineral soil is sharp. Moreover, the effect of the 
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strongly acid solutions upon the soil minerals is very different from that 
under the weakly acid or neutral solutions found in tropical soils. The 
acid solutions render soluble and remove from the surface soil the iron 
and aluminum, which, under tropical conditions, are oxidized and left 
at the surface. Underneath the layer of raw humus the A horizon of a 
mature podzol is leached of its iron and readily soluble minerals, and, 
by eluviation, it has lost most of its clay and colloidal constituents also. 
It is, therefore, poor in the mineral elements of soil fertility and nearly 
structureless. Through loss of iron it is bleached to a grayish-white 



Fig. 320.—A forest podzol, newly cleared, east of Peace River, Alberta. The plow 
has turned under the surface layers and has exposed the fluffy whitish-gray sand of 
the lower A horizon. See Fig. 319. 

color (the.name podzol is derived from Russian words meaning “ashes 
underneath”) (Figs. 319, 320). Beneath a bleached A horizon of 
variable thickness there is typically a brown, acid B horizon which is 
strongly illuviated. In it are deposited some quantities of the iron 
and other minerals leached from above and even part of the finely 
divided or colloidal clays and organic material which have passed 
through the A horizon. In some localities these substances bind together 
the mineral particles of the B horizon, cementing it into a stony layer, 
or hardpan. The C horizon is composed of the glacial drift or other 
parent material of the soil. Podzol is poor agricultural soil. Under 
cultivation the surface layer of humus soon is lost, and the grayish 
surface soil requires fertilization and good management to keep it 
productive and to prevenrt its poor structure from becoming a hin¬ 
drance to tillage. 
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The main regions of podzol development, as is shown in Plate IX, 
are in the higher middle latitudes. However, they are not strictly 
confined to those latitudes. Partially podzolized soils are abundant 
in the humid lower middle latitudes and are to some extent found in 
the red-soil regions or even in the humid tropics where unusual condi¬ 
tions have permitted the accumulation of coverings of acid organic 
matter. 

621. Soils Associated with the Mature Podzols. In connection 
with the podzols, as with the other groups, there are soils of immature or 
imperfectly developed profiles. Recent alluvial deposits, ice-scoured and 
steam-eroded slopes, glacial marshes, and other areas of high water table 
comprise large total areas of structureless soils or such as have abnormal or 
immature podzolic profiles. Podzolization proceeds most rapidly and extends 
deepest on light permeable materials that are low in lime, such as sand. 
Howev^er, there are, in the region of the podzols, considerable localities of 
tight glaciolacustrine clays, such as those of the Ontario Clay Belt (433). 
In some of these the compactness of the clay has retarded leaching, and the 
soils are but weakly podzolic or podzolization has reached only a short 
distance beneath the surface. Many of the associated soils are better for 
agricultural use because of their differences from the true podzols. Not even 
the normal well-drained soils of the region, however, are equally podzolized. 
They have developed under different kinds of natural vegetation which 
have grown in response to differences in slope, exposure to sunlight, or the 
nature of the underlying rock. These differences tend to modify the nature 
of the soil profile or to retard its full development. However, it is probable 
that among the many somewhat different soils of the podzolic soil regions 
there is a degree of unity in characteristics which is sufficient to set them 
well apart in appearance and utility from the soils of the other major groups. 

622. The ciRAY-BROWisr forest soils are the typical mature soils 
of the humid microthermal forest regions of the world (Plate IX). They 
are podzolic soils but not fully developed podzols. They may be con¬ 
sidered as intermediate in characteristics between the podzols and the 
Iropical red and yellow soils. They also reach their normal development 
under forest vegetation but mainly under deciduous forest with 
associated shrubs and grasses. Under these vegetational and climatic 
conditions there is a surface accumulation of organic material which 
forms a dark layer from 1 to 3 in. deep. It is less rapidly decomposed 
and typically more abundant than the organic accumulations asso¬ 
ciated with the tropical red soils, but it is not so abundant, so poorly 
decomposed, or so acid as that associated with the podzols. Moreover, 
the organic material derived from broadleaf forest contains more lime, 
potash, and other basic elements than does that from coniferous forest, 
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and these are returned to the soil. The A horizon of the podzolic gray- 
brown forest soil is leached but not impoverished or greatly bleached. 
It generally is stained with iron but by a brown hydroxide of iron 
rather than by the red oxide common in the tropics. The admixture of 
organic matter to the brown surface material gives the grayish-brown 
color from which the group name is derived. The quantity of organic 
material decreases downward, and the B horizon is ycJlowish brown and 
of heavier texture than the A horizon, because it has been illuviated 
from above. As in the podzols, the C horizon is the little-changed parent 
material of the soil, much of it glacial drift. The gray-brown soils have 
generally better structures than the other for(‘st-land soils, keep their 
structures better under cultivation, and respond more readily to the 
application of lime and organic fertilizers. The humus of forest origin is 
better distributed in the upper graj^-brown soil horizons than in the 
podzols, because of the work of earthworms and other soil organisms 
which thrive under the less acid conditions. This reserve of humus, 
together with some quantities of the critical soil minerals, causes newly 
cleared gray-brown soils to be productive. However, they presently lose 
their strength under continuous cropping unless they are carefully 
managed and well fertilized. 

Plate IX shows the mature gray-brown podzolic soils to be typical 
of some of the intensively cultivated agricultural lands of the world, 
such as northeastern United States, northwestern Europe, and several 
other regions of smaller size. 

623. Soils Associated with the Mature Gray-brown Forest 
Soils. Some of the soils associated with the gray-brown soils are without 
structure, such as sandy heath lands or the peat soils of the moors and glacial 
bogs. Moreover, many of the phases of the gray-brown soil itself have 
developed from parent materials of widely different kinds. These include 
not only different kinds of bedrock but also glacial deposits such as limy till, 
sandy till, and glaciofluvial and glaciolacustrine deposits. Although the 
soils developed upon these various parent materials tend, in time, to become 
much alike in regions of similar climate and natural vegetation, some of 
them mature more rapidly than others, and, tlierefore, at the present stage 
they differ. In any case, the time that has elapsed since the withdrawal of 
the continental ice sheets from northern North American and Europe has 
not been great enough for all the kinds of parent material to attain full soil 
maturity. Under cultivation the gray-brown soils lose their A horizons, 
especially upon hill slopes, and the yellowish color of the B horizon shows 
in striking contrast with the gray browns of the more level areas or the gray 
blacks of peaty soils in ill-drained depressions. It is not surprising, therefore, 
to find that soil types, especially in glaciated regions, change at short 
intervals and change abruptly and that only small parts of the total surface 
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may be covered by the mature soil which is taken to be typical of the full 
course of soil development in the region. 

Soils of the Subhuniid Grasslands and Deserts 

Tt was previously indicated that the soils of the subhumid grass¬ 
lands and the deserts are to be distinguished from those of the humid 
forest lands. It was noted also that a clear distinction is to be made 
between the dark-colored grassland soils and the gray soils of the 
deserts. These groups may be considered in the order just stated. 

6^4. Thh Dark-colored Grassland Soils. Forest ceases to be 
the dominant vegetation in both tropical and middle-latitude climates 
where dryness, as it is expressed in terms of precipitation, its distribu¬ 
tion, absorption, and evaporation, reduces the supply of soil moisture 
below a critical amount. The amount of moisture required to support 
a forest varies with latitude, altitude, and other conditions, and it is 
not possible to draw a clearly defined climatic line that will everywhere 
coincide with the boundaries between forest lands and grasslands or 
with the soil boundaries associated wdth them.^ However, the result 
of increasing dryness is that, eventually, forest ends and grass becomes 
the dominant vegetation. The effect of limited soil moisture, and the 
presence of grass cover, is to cause the development of soils very 
different from those of the humid forest lands. 

In regions where the moisture supply is almost, but not quite, 
sufficient to support a forest vegetation it normally is sufficient to 
support a dense and luxuriant growth of grasses. The growth and 
annual death of a part of the thick grass sod and its fibrous roots 
add organic matter in the soil where it decomposes slowly and gives 
rise to a large supply of humus. However, the accumulation takes 
place under conditions of moderate to low moisture supply, and the 
humus is not prevailingly saturated, and it is not acid. Because the 
humus is largely of grass-root origin it is not confined to the surface 
but extends to depths of from several inches to 3 or 4 ft. Slow leaching 
leaves sufficient lime to combine with the large amount of organic 
colloids and colloidal clays in these dark soils, thus promoting excellent 
structural conditions, which are found in all the soil horizons (Fig. 321). 
The abundant and deep organic material also is the source of much of 
the agricultural strength for which these soils are famed and of their 
prevailing dark oolors. Owing to the deep penetration of the organic 
material, the horizons of the grassland soils usually are not so sharply 
defined as are those of the forest soils, and they change only gradually 
to a parent material beneath. 

^See Art. 564 and footnote. 
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Because the grassland soils develop under comparative dryness, 
they are less leached than any of the soils previously considered. 
There is normally a redistribution in the soil profile of the lime c<mi- 
tained in the parent material, without a complete removal of it. In 
fact there is in most of these soils a horizon of lime accumulation 
which is one of the characteristics distinguishing the soils of the dry 
lands from those of the humid climates. Frequent periods of drought 
cause upward movements of capillary water. This movement brings up 
lime, dissolved from the parent material of the soil, and the evaiioration 
of water from the soil surface causes its deposition. Subsequent rains 
tend to carry the lime down again, but ultimately a position of balance 



Fig. 321.—A vertical section in a mellow grassland soil of the chernozem type, near 
Hythe, Alberta. The deep penetration of grass roots is shown clearly. See Fig. 319. 
{Photograph by Mary McRae Colby,) 

is established. The position of that horizon depends upon the supply 
of soil moisture and the quantity of lime in the parent material. It is 
nearer the surface in regions of abundant lime and low rainfall and 
farther down in soils that are better supplied with moisture or are 
derived from parent materials poor in lime (Robinson). 

Since dark soils of the general group here described are found over 
large areas of subhumid climate, both in middle latitudes and in the 
tropics, it is not to be supposed that all of them are alike. They differ 
as a consequence of (a) amount and seasonal distribution of precipita¬ 
tion, (6) conditions of temperature, and (c) the types of grass vegeta¬ 
tion under which they have developed. Only three major subdivisions 
of the grassland group may be noted in greater detail. 

625, Prairie Soils, Adjacent to some of the forest-soil regions, 
but on their drier margins, are black prairie soils that maiy be 
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thought of as intermediate in type between the true steppe soils and the 
forest soils. These intermediate soils, which may be called prairie soils^ 
are widely developed in the United States, Russia, and South America, 
and there arc others somewhat like them in Africa. They appear to 
have formed under a natural vegetation of tall gnisses but in climates 
having sufficient moisture so that the land might have supported 
forests. The reason why there were not forests in these regions is not 
clearly understood (582). 

The prairie soils are like the steppe soils in their fine granular 
textures and dark color. Both these qualities are derived from abun¬ 
dant and deep accumulations of the organic matter of grass roots. 
They are different from them and like the podzolic forest soils, in that 
they are low in lime and other alkaline substances. They have no 
horizon of lime accumulation; yet they are neutral rather than acid. 
This condition is duo to the fact that they are supplied with sufficient 
moisture so that there is a predominant downward movement of the 
soil solutions that carry the readily soluble minerals below the lower 
limits of the soil profile and into the underground water circulation. 
The prairie soils are, however, excellent agricultural soils. Because 
of their high humus content, their good structure, and the more 
abundant soil moisture associated with them they are among the most 
productive soils of the world. 

The rich corn-belt soils of central Illinois, Iowa, and Missouri 
are prairie soils (Plate IX). The typical mature soil is found on rolling 
interfluves where the natural vegetation of prairie grasses was best 
established. In the United States they are developed mainly In regions 
of older glacial drift on which are considerable admixtures of loess. 
On steeper slopes, especially river bluffs, fingers of woodland originally 
projected into the prairies. On such sites the gray-brown podzolic 
soils were developed. 

Somewhat like the prairie soils, and included with them in the map 
(Plate IX), are some that appear to have passed the climax of their 
development and to have entered a stage of retrogression. They are 
called “degraded chernozems’’ (626). It appears that they developed 
originally as black steppe soils and were lime accumulating, but, 
owing to increased rainfall or other possible changes, they have lost 
much of their lime and have been more or less invaded by forest vegeta¬ 
tion. Podzolization has set in, and the subsoil has become lighter. 
Still, however, the surface soil maintains the dark color and high pro¬ 
ductivity inherited from its earlier condition. t)egraded chernozems 
are recognized especially in Russia. 

In several humid regions there is another kind of dark-colored soil, 
high in humus, which is found in association with the red and yellow 
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soils, the gray-brown forest soils, and perhaps others. It is similar 
to prairie soil in character and yet significantly different in origin. The 
soil type is called rendzina. It is developed from parent material con¬ 
taining lime in such abundance that the supply continues to exceed the 
rate of loss through leaching. Hard limestones break down too slowly 
to form rendzinas. In soft chalky limestones, however, or in beds of 
glacial or lacustrine marl, the rate of physical disintegration is more 
rapid than the rate at which leaching can remove the lime. Conse¬ 
quently, the resulting soils are high in lime in spite of heavy leaching. 
High lime content encouraged an original vegetation of tall prairie 
grasses rather than forest. This, in turn, produced a dark soil of the 
prairie-soil type, with which they are grouped in Plate IX. Examples 
of rendzinas are found in the soils of the Black Prairies of Alabama and 
Texas, in certain dark soils of eastern Cuba, in some of the chalk lands 
and glacial marls of Europe, and elsewhere. Many of the areas are too 
small to V)e shown individually in Plate IX, and they are included with 
adjacent soils. 

626. Chernozem Soils, Chernozem (a Russian word meaning 
black earth) is the name applied to a type of soil that may be con¬ 
sidered the finest development of the grassland-soil group. It is formed 
under a dense vegetation of prairie and steppe grasses and under 
precipitation sufficiently low so that, while the most soluble soil 
minerals are leached out, an abundance of lime and the less soluble 
alkaline minerals remain. The low precipitation also results in a lack 
of eluviation, and the soil has a large component of clay and colloids. 
In true chernozem soils the horizon of lime accumulation lies generally 
between 3 and 5 ft. beneath the surface and is still within reach of the 
grass roots, which find in it an inexhaustible source of calcium. The 
surface material of the chernozem is high in humus and of a black or 
very dark-brown color (Fig. 319). The soil structure is well flocculated, 
granular, and porous. Upon tillage it crumbles into a fine seedbed, 
and it has a large capacity for holding water. The reserves of both 
organic and mineral plant food in chernozems are so abundant that the 
soils will stand cropping for long periods without fertilization.The high 
colloidal content of chernozems causes them to be extremely plastic 
when they are wet and, on slopes, to suffer badly from surface erosion 
when they are cultivated. In general, however, there are no better 
soils than chernozems for grain, cotton, and other crops that draw 
heavily upon soil fertility. 

Plate IX shows the probable world distribution of the chernozems. 
These highly fertile soils reach their most excellent development in 
the middle latitudes, especially on the gently undulating uplands along 
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the prairie-steppe margin of the United States (582, 583) and in 
southern Russia. However, even in North America there are differences 
between the chernozem of the northern end of the belt, in Canada 
and the Dakotas, and that of Texas. The latter was developed under 
grass and shrub vegetation less dense than the northern sod and under 
higher temperatures. It has, in consequence, a lower humus content 
and a more brownish-black color and a redder subsoil. 

In regions of siibhumid tropical grassland also there are belts of 
dark soils which are classed as chernozem. They are shown in Plate IX. 
These soils have not been studied so widely as the chernozems of 
higher latitudes, but they appear to be like the latter in that they con¬ 
tain abundant organic matter and a horizon of lime accumulation. 
However, long-continued high temperatures hasten the decomposition 
of organic matter, even under subhumid conditions. It is probable that 
a large part of the tro})ical chernozems arc neither so dee]> nor so black 
as those of the Dakotas. They are apparently more like those of Texas. 
Also, according to Shantz and Marbut, those of Africa at least are 
notably heavier in texture and more difficult to cultivate than similar 
soils in America. 

627. Brown Steppe Soils, Adjacent to the chernozems, but on 
their drier margins, are soils that, although similar, show the effects 
of a decreased moisture supply. The line of separation seldom is 
sharp, and the transition from the black soils commonly passes 
through soils of chestnut-brown to those of reddish-brown color. These 
together may be called the brown steppe soils (Plate IX), and they 
are to be clearly distinguished from the podzolic gray-browm forest soils. 

The brown steppe soils show the influence of decreased moisture 
in several ways. First, it may be noted that they have developed 
under a grass cover less luxuriant and deep rooted than that associated 
with the chernozems and the prairie soils. In general, it is a continuous 
sod cover of various species of "‘short grass,” but it includes also areas 
of grass with intermingled desert shrub. The roots of the grasses 
provide an abundant but less penetrating source of humus than those 
of the tall grasses. The dryness of the earth has promoted the formation 
of brown rather than black humus, which is intermingled with a 
powdery surface soil and lies above a subsoil of somewhat coarser and 
more lumpy structure than that of the chernozems. The brown steppe 
soils have, like the chernozems, a zone of accumulated lime or other 
alkaline substances, deposited beneath the surface by the movement of 
soil moisture. Because the precipitation of the brown steppe-soil regions 
is slight, the horizon of alkaline accumulation is relatively near the 
surface, and, in some localities, the lime is so abundant that it forms 
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a tough hardpan layer in the soil. In general, however, the soils are 
easily tilled and are found upon undulating to rolling land well adapted 
to cultivation. The fact that the brown steppe-soil regions, the world 
over, are predominantly regions of livestock grazing rather than of 
soil cultivation is due to the deficiency of rainfall in them rather than 
to deficiencies in their soils. 

628. Derert Soils. The typical soils of the arid lands of the 
middle latitudes may be called the gray desert soils whereas those of 
the low-latitude deserts generally are tinged with red (Plate IX), 
They develop under sparse vegetations composed of widely spaced 
desert shrubs and, therefore, lack the abundant organic matter of the 
grassland soils. Because they are low in organic matter the lighter colors 
predominate in these soils, and the reds, browns, yellows, and grays 
of weathered rock minerals are widely exposed. This characteristic is 
accentuated by the accumulation of lime and other whitish substances 
near to, or even upon, the soil surface. The alkaline and saline materials 
usually are present in such abundance that commonly the surface 
materials, or those immediately below the surface, are cemented by 
them into crusts or hardpan layers. Desert soils, lacking grass, are, 
therefore, characteristically low in nitrogen but have large supplies 
of soluble minerals. In such soils as are of medium to coarse texture 
the concentration of alkaline materials is not generally sufficient to 
be harmful to plants. In some areas, however, the surface accumulation 
of salt and alkali is so great that cultivates 1 plants cannot grow in it. 
This condition, in its extreme form, is found in jdaya-lake beds (438). 
It is, however, not only the quantity but also the quality of the salts 
that determines the agricultural utility of desert soils. It is commonly 
held that soils in which the compounds of calcium predominate main¬ 
tain better structures under irrigation, whereas a predominance of 
sodium salts tends to destroy the soil structure and eventually to 
render irrigated land unfit for use. 

It is probable that the larger parts of the great deserts are not 
covered with mature soils. Associated with the latter are patches of 
rock desert or stream-eroded pediments (437), expanses of desert 
pavement covered with the varnished pebbles left after wind deflation 
(440), tracts of dune sand, and areas of immature soil resulting from 
the recent and rapid growth of alluvial fans. Fan soils are the most 
widely cultivated in arid land because of their suitability for irrigation. 
But even desert sards contain so many undecomposed rock fragments 
that they are well supplied with soluble minerals, and if abundant 
water is available for irrigation they may be made agriculturally 
productive. 
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Soils of the Subpolar Regions 

629. Tundra Soils. In the treeless regions of the Arctic fringe 
the prevailing soil characteristics are not those of the steppe or desert. 
The soil profile shows evidence of excessive rather than deficient 
moisture. This is due to the low rate of surface evaporation and to the 
presence of permanently frozen subsoil at a depth of about 3 ft. The 
better drained sites of the Arctic-fringe regions have soils somewhat 
like podzols, but the usual horizons include a brown peaty surface layer 
which is underlain by grayish horizons, one of them characteristically 
plastic or even fluid. A large part of the tundra is poorly drained (380), 
and the prevailing soil conditions are those of bog and hummocky 
marshland. The soils are in several respects similar to the glacial 
marsh and bog soils found in middle latitudes, many of which are 
drained and cultivated. In the Arctic region they cannot be drained, 
are unsuited to tillage, and support vegetation useful only as 
pasture. 

Soil Conservation 

630. Destructive Soil Erosion. There has been already 
abundant opportunity to observe that erosion is one of the most 
powerful and widespread of the processes involved in the modification 
of the earth’s surface. The fact that, in the geologic past, soil has been 
removed during the slow processes of land degradation is not now a 
matter of great concern. On the other hand, the fact that present 
erosion is doing the same thing is a matter of vital concern, because 
human disturbance of the balance of nature has greatly accelerated 
the process, and it is now removing the upper horizons of developed 
soils much faster than natural processes can replace them. In some 
localities soils are fast being removed down to the parent materials 
of the soil or even to bare rock. This is destructive soil erosion, since 
there is lost in a few years or in a few generations a resource which 
has required thousands of years for development, a resource which 
cannot be replaced. 

Not all kinds of soil are equally subject to destructive erosion. It 
may be appreciated from foregoing descriptions that some soils, such 
as the true laterites or eluviated sandy soils, might even benefit 
by the uniform removal of some depth of surface soil. This would 
ei:pose less weathered minerals and less leached materials underneath. 
But those soils, because of their high porosity, are among those least 
subject to rapid erosion. On the other hand, the dark-colored soils, 
with the organic accumulations of the ages in their upper horizons, 
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are highly subject to erosion, as also are certain of the forest soils of 
high clay content. 

681. Measukes of the Destructiveness of Soil Erosion. Some 
idea of tlie destructiveness of soil erosion in tlte United States may be had 
from a government report^ which states that the annual losses of plant 
nutrients from tlie cropped lands and pastures of the country through leach¬ 
ing and erosion are almost six times greater than the quantity of those 
elements removed from the same lands in crops or forage. The same report 
states further as follows: “Already the utility of S5 million acres of formerly 
good farm land has been essentially destroyed, in so far as the production 



Fuj. 822.—A large part of the United States already has suffered severe loss through soil 

erosion. 


of cultivated crops is concerned, chiefly by gully erosion. This represents 
an area about the size of Pennsylvania, Massachusetts, and Connecticut 
combined, or 218,000 farms of 160 acres each. From about 125 million addi¬ 
tional acres—land still largely in cultivation—the topsoil, representing the 
most productive part of the land, has been washed off or largely washed off 
by the erosive action of unrestrained runoff of storm waters. In addition, 
approximately 100 million acres of cultivated land are starting in the direc¬ 
tion of the 125 million acres of impoverished soil-stripped land. These prodi¬ 
gious losses do not take into account the widespread erosional wastage that 
is speeding up over the vast domain of the western grazing areas (Fig. 822). 

682. The Causes of Destructive Soil Erosion. The principal cause 
of destructive soil erosion, both by rain water and by wind, is human dis¬ 
turbance of the natural conditions by the removal of the natural vegetation 
and the loosening of the soil by cultivation. The natural vegetation is 

^ Nat Resources Boards Kept, p, 162, Washington, D. C., 1634, 
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destroyed by land clearing, burning, excessive grazing by livestock, and 
plowing. The rate at which the soil is destroyed after these changes depends 
upon the textural and structural conditions of the soil, the conditions of 
climate, and especially the degree of land slope. Under natural conditions 
a cover of forest vegetation tends to decrease tlie rate of runoff because of 
the many small pits and irregularities of the forest floor and because the 
litter and humus collected there is highly absorptive of moisture, tending to 
hold rain water until it can escape slowly. Dense growths of prairie grasses 
have much the same effect. When the natural vegetation is removed and 
the tilled soil is alternately beaten by rain and dried by sun and wind the 
erosive influence of both wind and water have full effect. Bennett^ cites 
experiments which show that upon very gentle slopes in Missouri and Texas 
as much as 40 tons per acre of soil was eroded from bare plowed ground in a 



Fio. .S23.—Incipient gullies in a tilled field and serious soil erosion resulting from a 
single rain. In the foregound is sand from which the finer and more fertile soil con¬ 
stituents have been removed, {U, S, Soil Conservation Service.) 

single year. That is the equivalent of an inch of soil from the whole surface 
every three or four years. In the Missouri experiment, land under the same 
conditions of slope, soil, and climate but covered with grass lost by erosion 
only about one-fourth of 1 ton of soil material per acre per year. 

633. Kind« of Destructive Soil Erosion. The manner in which 
soils are eroded and the kind and degree of their destruction also depend 
much upon the texture and structure of the soil, conditions of climate and 
land slope, nature of tillage, and other matters. One of the most widespread 
and least noticed kinds of erosion on tilled land is sheet wash (35^i). This 
may be accomplished by tlie removal of a uniform thin layer of soil, but 
more commonly it results from the formation of myriads of minute gullies 
(Pig. 3^3). These gullies are so small that they may be erased by the nex^ 
cultivation of the field, but others soon form, and the stripping process 
continues. This phase of soil erosion is the more harmful because it removes 
the finer and more fertile of the soil particles first. 

^ Bennett, H. H. The Geographical Relation of Soil Erosion to Land Productivity. 
Geog, Rev,, Vol. 18, pp. 579-^05, 10*8. 
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In some kinds of soil, especial^' in compact and poorly flocculated clays 
and silts underlain by softer materials, gvllyiiig rapidly becomes deep and 
extends itself by headward erosion of the dendritic tyi)e (Fig- 324). On 
rolling surfaces this process, if left unchecked, quickly destroys both soil 
and subsoil beyond all hope of repair (Fig. 325). Under such conditions the 



Fig. 824.—A cultivated slope that has been badly damaged by gullying. See also Figs. 
127 and 128. ((/. S. Soil Conservation Service.) 


whole damage does not result from the erosion of the upland soils. Adjacent 
lowland soils sometimes are ruined at the same time by being buried under 
accumulations of the coarser and less fertile alluvial products of the erosion. 

In the subhumid plains of the United States great damage is in progress 
from wind erosion on surfaces laid bare by plowing or by overgrazing on the 



Fig. 325.—Soil completely destroyed for agricultural use by unchecked gullying* 
{Photograph by H. H, Bennett^ courtesy of the Geographical Review^ published by the 
American Geographical Society of New York,) 


part of livestock. In some localities the powdery soil thus exposed has been 
removed to a depth of several inches. As more land in this region is cultivated 
dust storms increase in number and severity. During the prolonged drought 
of 1934, millions of tons of fertile topsoil were drifted about like snow by 
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storms or were lifted so high into the air that quantities settled far to the 
eastward, as has happened many times before (44G). 

634. The Reduction of Destructive Soil Erosion. The 
seriousness of the soil-erosion menace is barely beginning to be realized 
in America, and too little is being done to reduce the loss. It certainly 
is not possible to stop entirely losses by solution and erosion, which 
have gone on since the world began. However, some things may be 
done to reduce the rate of destructive erosion brought about by human 
disturbances of the natural balance of forces. To that end a program 
of planned soil conservation should be supported. Such a program 
must include a slow return to permanent forest or permanent grass 
of those lands in which erosion has progressed so far as to destroy the 
value of the land for tillage. It must include also means of protecting, 
by conservative methods of tillage and management, those areas 
which are best suited to, and are required for, crop production, so 
that they may continue to be productive for hundreds or thousands 
of years to come. Among the methods having this latter end in view, 
the specialists in erosion control recommend (a) the construction of 
dams or obstructions to erosion in gullies already formed, (6) the 
[)Iowing and tilling of land along contour levels in order to cause 
furrows to run across the land slope and thus reduce the rate of sheet 
wash, and (c) the construction of contour terraces with embankments 
of sod, brush, or other soil-retaining vegetation at intervals, to deflect 
surface drainage and prevent the formation of gullies (Fig. 147). The 
method last named is much employed now in the South and should 
have wider application. Above all, is required an awakened conscious¬ 
ness of the need for soil protection and of the disastrous consequences 
that may arise from the ruthless waste of this fundamental resource. 
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635. World Industry and the Mineral Fuels. Industrial 
civilization of the modern type is based to a large extent upon the 
mineral fuels, principally coal and petroleum. Therefore, no full 
appreciation of the potentialities of regions or countries for human 
use, or of their industrial development and economic problems, is 
possible apart from their relation to these fundamental earth resources. 
For that reason it is essential that the student of geography have a 
clear understanding of the nature and the principal variations in 
quality of these substances, the comparative supplies available in 
the world’s greatest deposits, and the major features of their patterns 
of distribution. 

636. The Location of Mineral Fuels Explained through 
Geological History. Coal and petroleum are parts of the earth’s 
crustal structure and belong to the nonrenewable class of resources 
(529). Their origin and present occurrence are explainable only in 
terms of the processes and events of earth history. When the outlines 
of these conditions are grasped, it becomes apparent that there are 
large parts of the world in which it is unreasonable to expect that 
valuable deposits of these substances ever will be found. It becomes 
equally clear why it is possible for certain other regions to have large 
supplies of one or even both of them. 

It is desirable that the major geological time relationships of the 
coal- and petroleum-bearing rocks be grasped quickly when they are 
referred to later. To promote that understanding, without digression 
into the realm of historical geology, the general features of the matter 
are presented graphically in the simplified geological column to which 
previous reference has been made (Appendix E). 

Coal 

637. The Stbuctubal Associations of Coau Coal is a fonn of 
sedimentary rock the materials of which are derived largely from the 

554 
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unoxidized carbon of plant tissues. Even thin beds of coal represent 
long periods of accumulation, during which the remains of luxuriant 
vegetation were preserved from the ordinary processes of complete 
decay by being buried underneath swamp waters and, subsequently, 
beneath layers of mud, sand, or lime. The origin of coal, mainly as 
deposits in ancient swamps, has several points of geographical signifi¬ 
cance. First, it may be noted that the original position of all swamp 
deposits is nearly horizontal. That may be observed in modern swamps. 
When such deposits are buried underneath other sediments they be¬ 
come members of a scries of horizontal sedimentary rocks. The coal 
beds of some of the greatest coal fields of the world have still an essen¬ 
tially horizontal position, a condition that simplifies the problems of 
coal mining. In other coal fields the beds are not horizontal but, 
together with their associated rocks, show evidence of disturbance 
subsequent to their deposition, through warping, folding, or faulting. 
In some places this has involved the metamorphisin of the coal. A 
second point of significance is that modern swamps seldom are of 
vast extent. A few, such as those on the Atlantic Coastal Plain, con¬ 
tain many square miles or even some hundreds of square miles of 
area, and it is probable that larger ones have existed in the past. 
However, it is not surprising, considering their swamp origin, that 
individual beds of coal arc not of great extent. Only a few are of 
such size that the same bed may be traced underground for many 
miles. Although most of the individual coal beds are of relatively 
small areal extent, the same is not necessarily true of the great coal 
fields. In the regions now occupied by some of the larger fields, general 
conditions favorable to the growth of luxuriant swamp vegetation 
and the accumulation of plant remains seem to have existed widely 
and for long periods of time. In such regions it is probable that indi¬ 
vidual swamps flourished and disappeared, to be buried at last under¬ 
neath accumulated earthy sediments while, at the same time, other 
swamps grew near by. Subsequently, conditions were altered, and 
another swamp formed above the remains of the older one but sepa¬ 
rated from it by layers of sediment. All degrees of variations in the 
circumstances of deposition are recorded in the present formations 
of some coal fields. Large or small, thick or thin, the beds are widely 
distributed in area and in vertical sequence. In some localities they 
so far overlap each other that a mine shaft may pass through two or 
more thin and unprofitable coal strata among the rock formations 
before reaching one of desirable thickness and quality. In certain 
localities a half dozen or more coal beds are known to lie one above 
another, separated by various thicknesses of sedimentary rock. 
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Since coal is known to occur within the rocks belonging to a fairly 
well-defined range of geological time, it is possible, by studying the 
rock outcrops, to determine the general extent of a coal region and, by 
means of test holes, to discover the number and relative thickness of 
the coal beds in its various parts. Upon information gathered in that 
way, it is possible for geologists to approximate with fair accu¬ 
racy the quantity of coal available for future use in any given field 
or in any country or in the world, so far as its rocks have been 
examined. 

638. Varieties of coal differ greatly from region to region, 
and even within the same field a considerable number of market 
classes and grades of coal may be produced. Several standard classes 
are recognized, each of which marks a stage in the evolution of swamp 
deposits into high-grade coal. Only four of them will be mentioned here. 

It may })e assumed that all coal began as peat, preserved but crum¬ 
bled and blackened organic remains, similar to that which may be seen 
underlying present swamps and bogs. The higher forms of coal repre¬ 
sent successive stages in a transformation of the peat through the 
weight of the overlying rocks, through diastrophism, or by any other 

means that involve compression 
and the loss of water and gases 
(Fig. 326). A form of deposit some¬ 
what older and more compact than 
peat is the crumbly brown coal 
called lignite. Still further changes 
produced the soft black coals of 
the general class called bituminous. 
Of bituminous coal there is an almost endless list of slightly different 
grades and qualities. Important fields, and even different parts of 
the same field or different beds in the same locality, have their own 
recognized grades. One highly significant distinction among coals of the 
bituminous class is based upon suitability for the manufacture of coke 
of the type required in iron-smelting furnaces. Such grades as are 
suited to that use are called coking coals. Others are called noncoking, 
but they may be well suited to use as fuel for the production of power 
or for heating. 

Further compression of coal beds, especially if it was accompanied 
by warping of the formations together with faulting and sometimes 
heating, produced the class of hard coal called anthracite. The trans¬ 
formation was accompanied by a great loss of volatile gases and water, 
and the resulting anthracite is low in gas and high in carbon, which 
makes it a nearly smokeless fuel (324). 
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639. Coal Classes and Their Relation to Geologic Age. Since 
coal is formed mainly by the accumulation of vegetation in land swamps or 
the swamps of coastal margins, it follows that no coal could be formed until 
there was abundant land vegetation. It is, therefore, not logical to expect 
that coal will occur in significant quantity in rocks that btdong to those 
periods of earth history before land plants were abundant. Neither is it 
reasonable to expect coal deposits in igneous rocks, whether ancient or 
recent, because of the great heat associated with their origin. The time 
sequence in which the major additions of plant and animal life were made 
to the earth are showm in Appendix E- From that table it will be seen that 
the rocks of all the vast extent of time earlier than the Paleozoic bear no 
evidence of a land vegetation. The general world distribution of those 
ancient metamorphic and igneous rocks in which the occurrence of coal is 
impossible may be seen in Plate VI. Even the early Paleozoic periods seem 
not to have had vegetations of sufficiently liigh order of development to 
produce the bog deposits necessary to the abundant formation of coal. 
Some unimportant coal beds in association with Devonian rocks are known, 
but it was iu)t until the Carboniferous period that conditions became suit¬ 
able to the widespread and abundant grow th and accumulation of a coal¬ 
forming vegetation. 

Among the coal fields of the world are those which represent periods of 
accumulation dating from the early Carboniferous down to the Tertiary 
period and, if peat deposits be incliuled, down to the present. In a general 
way, there may be recognized among the many classes of coal represented in 
these fields a general order of quality which is highest in the older coals and 
lowest or poorest in those of more recent origin. This order is not without its 
notable excei)tions, yet the general relationship is logical in view of the fact 
that time is an important element in the transformation of raw peat into 
good coal. In certain younger coal formations (Cretaceous and Tertiary) 
are localities that yield coal of high grade, even some anthracite. Usually 
they are due to diastrophic changes or to igneous intrusion which have, by 
pressure, fracturing, or heat, made way for the escape of water or gas or 
have otherwise hastened the transformation. 

It may be observed, therefore, tliat, in general, those world regions which 
include coal-bearing rocks of late Paleozoic age (Mississippian, Pennsyl¬ 
vanian, Permian) are most likely to possess coal of high quality and that 
some large areas of coal in regions of younger rocks yield only lignites. 
Often it is true also that those coal formations which lie in regions of dis¬ 
turbed rock structures have at least some localities in which the quality 
of the coal has been improved by the disturbance. Plate VI may be referred 
to again for the broader aspects of the distribution of the older and the 
younger sedimentary rocks. Of course, only a small part of the sedimentary 
rocks of either of those age groups was formed under swamp conditions 
such that coal beds are included among their strata. 

640. The accessibility of coal is, in part, a matter of where the 
coal beds are located with respect to markets, but here its meaning is 




Fig. 827.—Giant furrows turned by power shovels in the process of strip mining in 
southern Illinois. The 4 ft.-thick bed of coal exposed in the bottom of the deep trench is 
mined out before the next furrow is turned. 


TYPICAL CROSS SECTIONS IN AMERICAN COAL FIELDS 


THE APPALACHIAN BITUMINOUS FIELD THE PENNSYLVANIA ANTHRACITE FIELD 



Fig. 328. —Diagrams to show in contrast the common relationships of surface and 
structure in the bituminous and anthracite fields of the Appalachian coal regions. 





Fig. 329.—A stratum of bituminous coal outcropping, along with other sedimentary 
strata, in a road cut on a West Virginia hillside. 
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restricted to the subject of their structural and situational relations 
to the earth’s surface. In some localities of little disturbed sedimentary 
rocks coal beds are found so close to the surface that they may be 
mined in open pits after the removal of only a few feet of overburden 
(surface earth or rock) (Fig. 327). In others they are so far underground 
as to be reached only by mine shafts of great depth. In still others, 
although originally they were deeply buried, the coal beds are now 
made readily accessible by deep stream dissection which exposes out¬ 
crops of coal among the rocks of the valley walls (Figs. 328^4, 329). 
In regions of complicated rock structure coal beds, once horizontal 
but now greatly folded, present various degree's of accessibility. In 
some such localities erosion exposes parts of coal beds at the surface. 
Ill others the same beds are bent downward to great depths or are 
(lisj)laced or shattered by faulting. In such structures the difficulties 
of mining are greatly increased (Fig. 328/?). 

Tjie Coal Regions of the Continents 

641. Be^cause coal still is the principal source of power in manufac- 
tural industry and also is necessary to the smelting of iron, its dis¬ 
tribution is a matter of critical importance in relation to the world 
centers of heavy manufacture, present,and future. Although there are 
coal reserves in all the continents and in most of the countries of the 
world, the distribution of the great ones is most uneven. They are, in 
fact, grouped in three principal regions: (a) central and eastern North 
America, (b) northwestern Europe, and (c) eastern Asia. The specific 
fields of greatest importance in the several continents may now be 
considered. 

642. Nohth America not only is the continent of greatest coal 
production but also is credited with the greatest of all coal reserves. 
These have been estimated at 5 trillions of tons, or nearly two-thirds 
of the total estimated supply of the world, although that figure may 
be somewhat reduced when more complete information is available 
concerning reputedly large deposits in Siberia. The North American 
coals include representatives of every class from high-grade anthracite 
to the lowest grades of lignite. They are contained in several fields, 
the location and extent of which are shown in Fig. 330. 

It will be observed that certain areas of the continent are without 
coal. Notable among them are the ancient rocks of the Laurentian 
Shield of Canada and the Appalachian Piedmont and also the young 
sediments of the Atlantic and Gulf coastal margins. In the complicated 
structures and partly igneous rocks of Mexico and the regions west of 
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the Rocky Mountains coal fields are small and scattered and, with a 
few notable exceptions, yield coals of low grade. 

643. The Appalachian Field, Not the most extensive, but much 
the most important, among the coal fields of the continent is that of 
the Appalachian hill region. It is comprised of two principal subdivi¬ 
sions: (a) a small highly folded section containing anthracite coal in 
the Appalachian ridge-and-valley region of northeastern Pennsylvania 
and (6) a large region of little-folded rocks which contain numerous 
beds of bituminous coal, some of them thick and of high quality. This 



Fig. 330.—The principal coal fields of the United States and (Canada distinguished as to 
location, extent, and principal types of coal. 

latter region extends from northwestern Pennsylvania to northwestern 
Alabama. 

The anthracite region is noted for the high carbon and low gas 
content of its coals and for their smokeless quality. This region is the 
source of most of the anthracite used in America, but the supply is 
limited. Moreover, the extreme folding to which the region has been 
subjected has inclined many of the coal formations at high angles 
underground, and associated faulting has dislocated them. This has 
greatly increased the cost and diflSculty of mining, rendering anthracite 
an expensive fuel (Figs: 3285, 331). 

The Appalachian hituminoue region is largely, but not entirely, 
underlain by workable beds of coal which, in total, represent a period 
of accumulation which was long, even from the geological viewpoint. 
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Mainly, they are of Carboniferous age and of good quality. Differences 
in the thickness of the beds and in the»conditions under which they 
were deposited, together with variation in degree of subsequent dis¬ 
turbance, have given unlike qualities to coals of different localities. 
Some of them are of the high quality required for the manufacture 
of blast-furnace coke. That is particularly true of one coal bed of 
great thickness and large extent in western Pennsylvania. It was the 
basis of Pittsburgh’s early supremacy in iron and steel manufacture, 
and it still furnishes coke for that and several other smelting centers. 
Large additional supplies of coking coal are now obtained from other 



Fig. 331. —Some of the pretentious structures associated with the complicated 
underground conditions and deep mines of the Pennsylvania anthracite region. Moun¬ 
tainous piles of waste result from long operation on the same site. {Ewing Galloway,) 

sources, especially from fields in West Virginia, Alabama, and other 
parts of the Appalachian region. 

More than three-fourths of the high-grade coal of the continent, 
some of which has special uses other than for coking, is obtained from 
the Appalachian bituminous field. The coal of that field is noted also 
for the ease with which it is mined. The coal-bearing rocks largely are 
included within the limits of the maturely dissected Appalachian hill 
country (481). Being traversed by innumerable deeply incised stream 
valleys the coal beds often are exposed along the valley walls, and 
mining is relatively simple. It is accomplished in large part by means 
of "‘drifts,” or horizontal tunnels driven into the hillside outcrops of 
nearly horizontal coal seams (Figs. 3^4, 334). In many mines the 
dip of the coal bed permits the mine workings to slope gently downward 
toward the mine mouth, and the removal of both coal and drainage 
waters is aided, or may be wholly accomplished, by gravity. The 
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abundance, accessibility, and high quality of these coal beds give 
the Appalachian fields first importance in America and perhaps in the 



Fig. 382.—A small “coal camp’* situated in a narrow West Virginia valley. 'J'he 
valley bottom has room for the creek bed, a road, a railway spur, and two rows of 
cabins. Simple chutes or “tipples” heading from hillside mines are seen on both sides 
of the road. Contrast them with the structures shown in Fig. 331. 


world. It supplies the coal used in the eastern and northeastern 

industrial districts and also 


THF EASTERN INTERIOR COAL FIELD 



Fig. 333.—Most of the coal mines in 
the synclinal Eastern Interior Field are 
located upon its shallower margins. 


most of the American export 
coal. 

644. The Interior Bituminous 
Fields. The interior region of 
the United States also is abun¬ 
dantly provided with coal fields. 
Generally the coal is Carbonifer¬ 
ous in age and bituminous in 
quality. The several areas are 
known respectively as (a) the 
Eastern Interior Field (Illinois, 
Indiana, and Kentucky), (6) the 
Northern Interior Field (Michi¬ 
gan), (c) the Western Interior 
Field (Iowa, Missouri, Kansas, 
Oklahoma, and Arkansas), and 
(d) the Southwestern Interior 
Field (Texas). In the Eastern 
and Northern fields the coal¬ 
bearing rocks have broad syn¬ 


clinal structures, and, in the former, the coal beds of the middle 
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portion are so deeply buried under younger rocks that they are difficult 
to reach. Therefore, mining is practiced mainly about the margins of 
the field (Figs. 333, 327). In the Western and Southwestern fields the 
coal beds are inclined gently downward toward the west and pass 
beneath increasing thicknesses of rock. The coal is mined along the 
more shallow eastern edges of the fields, where it provides abundant 
supplies of lower grade bituminous coal for limited local markets. 

645. The Rocky Mountain fields Include many coal districts spread 
over a large region which extends from the ranges of central Alberta 
and eastern British Columbia southward to New Mexico. Most of the 
coal beds of the region are of younger than Carboniferous age. How¬ 
ever, there are many localities where rock deformation or igneous 
intrusion has improved the quality of the coal, so that bituminous 
coal is abundant, and even a small quantity of anthracite is found. 
Rocky Mountain coal is important to the region, and some is shipped 
considerable distances, but the available supply is not comparable in 
quality or quantity with that of the East. 

646. Pacific Coast Fields. Although much of the Pacific Coast 
region has no valuable coal deposits, there are a few of considerable 
local significance. Important among them are those of Alaska, Van¬ 
couver Island, and the Puget vSound region. The Alaskan deposits 
have more future than present value, but those of Vancouver Island 
especially are important, though limited in quantity, because they are 
near the American terminals of some of the major transpacific steam¬ 
ship routes. 

647. Coal in eastern Canada is not abundant, because the larger 
part of eastern Canada is comprised of pre-Paleozoic rocks. One small 
field of large local importance is found in the northern end of the 
Province of Nova Scotia. It is a matter of great concern to Canada 
that its most populous and industrially developed region, which 
lies between Lake Huron and the city of Quebec, is practically devoid 
of coal (Fig. 330). 

648. North American Lignites. In Texas and other Gulf Coast 
states, in the western interior plains of the United States and Canada, 
and in the Rocky Mountains are vast areas which are underlain 
by coals of lower than bituminous quality. Nearly one-half the total 
coal resource of the United States, and more than three-fourths 
that of Canada and Neii\^oundland, are of that class. Mainly it is 
lignite. The total quantity of these low-grad^ coals is, therefore, great, 
but they are not nearly so important as the better coal. Their poor 
quality involves greater diflSculty in storing, shipping, and burning, 
and they have much lower heat-producing capacity than bituminous 
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coal. They have at present only local use, but they may be used much 
more by future generations. 

649. South America has the misfortune to be, of all the continents, 
least well endowed with coal. There are in its entire extent only a few 
areas of coal-bearing rocks. The extensive highlands of the east and 
northeast are, in large part, of pre-Paleozoic rocks, and the sediments 

that flank tlie long eastern front of the 
Andes are very young. In the Andes of 
Peru and on the coast of central Chile 
there are small deposits of valuable 
coal, and there is some of low grade in 
southern Brazil. Their total reserve is 
believed to be less than 1 per cent of 
the quantity available in North 
America. 

650. European coal fields are 
more productive than any in other 
parts of the world, except those of 
North America. In total coal reserves 
Europe ranks third among the conti¬ 
nents, and hardly more than one 
twenty-fifth of its supply is below 
bituminous grade. Thenxverage quality 
is, therefore, good. However, it is esti¬ 
mated that the total European coal re¬ 
source, of bituminous grade or better, is 
less than that of Asia and hardly one-third as great as that available 
in North America. Its present value is increased by the fact that the 
principal fields are so distributed that they fall within the territorial 
boundaries of several European countries tlie industrial advancement 
of which may be attributed in part to these sources of fuel. 

651. British coal fields occupy no less than six distinct regions in 
England, Scotland, and Wales. Mainly the coal beds are of Carbon¬ 
iferous age and contain coal of bituminous quality or better. So well 
distributed are they that only two parts of the island are more than 
a few miles removed from one or more of them (Fig. 334). Those two 
parts are the ancient crystalline rock region of the Highlands of Scot¬ 
land and the plain of southeastern England, in which London is 
situated. It is probable that all the coal-bearing rocks of Scotland would 
have been removed by erosion had not a section of them been preserved 
in the rift, or graben, valley of the Scottish Lowlands (330). Associated 
with each of the major British coal fields is an important industrial 




THE MINERAL FUELS 


565 


district, and some of them, especially that of South Wales, are close 
to the sea and well situated for the export of coal. 

Although the quality of British coal generally is superior, it is 
not always easily mined. The rocks of some of the fields have been 
subjected to severe deformation or are buried beneath thick sediments. 
In the South Wales field, where the highest grades of coal are found, 
rock folding brought some parts of the coal beds to the surface, where 
stream erosion exposed them and made mining simple. However, 
most of the easily accessible coal has been mined, and some of the 
workings now have followed the coal structures deep and far under¬ 
ground, greatly increasing the cost of production. The total quantity 
remaining in Great Britain is estimated at an amount nearly one-half 
as great as that in the Appalachian field of the United States, two- 


PRINCIPAL COAL FIELDS OF CENTRAL EUROPE. 



thirds as great as the German reserve, and ten times greater than that 
of France. It is sufficient for many years to come. 

652. T%e coal fields of continental Europe are numerous, but none 
covers so much area as the greater ones of North America. Moreover, 
some of them contain much thin coal or coal at great depths, and a 
few yield only low-grade coals. The more important fields and most 
of the better grades of coal lie in an east-west belt through the center 
of the continent. The ancient crystalline rocks of Scandinavia and 
Finland to the north of that belt and the much disturbed rocks of the 
Mediterranean Basin on the south of it contain either no coal or but 
small and unimportant fields. 

The central coal belt of Europe extends from northern France 
through Belgium, Germany, Czechoslovakia, and Poland into Russia 
(Fig, 335). Several of its fields lie wholly or in part in Germany, which 
has the greatest coal reserve of any European country and nearly 
three-fourths as much as the Appalachian field. The estimated re¬ 
serve of Germany includes, however, considerable quantities of low- 
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grade bituminous coal and lignite. Low grades of coal and even peat 
are much more used in continental Europe than in Great Britain 
or the United States. 

653. Important Districts, Coal of good quality is mined at several 
points along a band of Carboniferous rocks in the western end of the 
central European belt. This important zone begins in northern France, 
crosses central Belgium, and enters Germany. Its most productive 
portion lies in the Ruhr Valley of Westfalen (Westphalia), east of the 
Rhine. That field is of particular importance because it has long been 
the center of the heavy iron and steel industries of Germany and 
because it contains a reserve of coking coal reputed to be larger than 
any other in continental Europe (Fig. 403). Near by is the coal field 
of the politically famous Saar Basin. Another highly important district 
is that of the middle eastern region. Its richest coal deposits lie in 
Poland, the Upper Silesian section of southeastern (rermany, and 
adjacent portions of Czechoslovakia. 

The coal fields of European Russia are of much larger arc^a although 
they have smaller coal reserves than those of western Europe. The* 
district of greatest present importance is that of the Donets Basin iii 
the south, which yields coking coal and some anthrac‘ite. It is the 
focus of heav\y industry in modern Russia. The Moskva (Moscow) field 
is of greater areal extent, but its coal is smallcT in quantity and of lower 
grade, including much lignite. There are also several small coal fields 
on the flanks of the Ural Mountains, but the greatest pottmtial re¬ 
serves of U.S.S.R. lie in Siberia. These include some that are only 
partially explored. Altogether the coal reserve of U.S.S.R. is very large. 
It is now claimed by Russian authorities to be more than one-third 
as great as that of the United States of America (Figs. 335, 336, 343). 

654. Asia is believed to contain larger reserves of coal than any 
other continent except North America. Figures 336 and 343 indicate 
the location of the known fields of major importance but do not giv(^ 
a complete picture of coal distribution, because the quantity and 
quality of the coal believed to exist in some of the fields are greater 
than their areal extent would indicate. 

Siberia, Several coal fields are known to exist in Siberia. The one 
being most rapidly developed is the Kuznetsk Basin, southeast of 
Novosibirsk. It is estimated to be the richest and largest coal reserve 
in Russia, Another, but smaller, field lies west of Lake Baikal, and in 
the isolated forest areas of northern Siberia are extensive coal regions 
whose boundaries and values are imjierfectly known. 

655. China. Although the full measure of the coal resources of 
Asia is not known, it is believed that China has more than three- 
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fourths of the total. The quantity of high-grade coal in that country 
is estimated to be greater than that of any other country in the world, 
except the United States. It includes much coking coal and what 
probably is the largest supply of anthracite in the world. There are 
several coal fields in China, but much the largest reserve lies in the 
northern district of Shcnsi-Shansi, which is reputed to have 80 per 
cent of the total. Because of the present inaccessibility of that field 
others of smaller size are now much more productive. However, 


PRINCIPAL COAL FIELDS OF ASIA 



Fig. 836.—The fields of Shensi and Shansi, China, dominate the coal resources of Asia. 


the future may see a notable difference from the present, both in the 
relative production of the coal fields of China and in the relative 
importance of China as a center of manufacture. 

656. Other Asiatic countries that have important coal reserves are 
Japan and India. Those of India are located in the northeastern 
part of the Deccan and are now being much used in connection with 
the iron ores of the same region. However, they probably are not of a 
large order of magnitude. Unfortunately for industrial Japan the 
reserves of coal in that country are small and scattered, and many 
of the beds are badly faulted. 
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657. Africa and Australasia. Australia, although it is a much 
smaller continent than Africa, has a larger coal reserve (Fig. 337). 
Fortunately, the principal field is located near the liumid east coast 
of New South Wales, in or near the principal centers of population. 
Because of its abundance, good quality, and accessibility, Australian 
coal is the leading source of supply in the Southern Hemisphere, but 
the total reserve supply is not comparable with that of the larger 
fields of the Northern Hejnisphere. The African coal reserve is not 
great, but the present production is considerable. It is obtained mainly 
from fields in the southeastern part of the continent, especially in 
the Transvaal and Natal. 


PRINCIPAL COAL FIELDS OF SOUTH AFRICA AND AUSTRALIA 



Petroleum 

658. The Structural Associations of Petroleum. Petroleum 
(rock oil) and its related substances natural gas and asphalt are earth 
materials, probably of organic origin. Whatever their origin may be, 
they have been so long included in the rocks that no trace of any 
organic antecedents is clearly discernible in them, and the very nature? 
of the hydrocarbons of which they are composed is unlike that of the 
oils and other analogous compounds found in plants and animals. 
Because of its chemical nature, petroleum may be split up by fractional 
distillation into an array of products suited to many uses. Its cleanli¬ 
ness, compactness, and convenience as a fuel and the fact that new 
machines are continually being devised for using it in the production 
of heat and power have made it a critical item in the resource inven¬ 
tories of modern nations. 

Petroleum and its related substances are found in quantity in 
sedimentary rocks only, probably because they are derived from 
microscopic marine organisms whose remains were originally inter¬ 
mingled with marine deposits. Generally they are held in porous 
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rocks, especially sandstones, where they exist as filling in the pore 
space of the rock just as it is filled elsewhere by ground water. Pe¬ 
troleum is found in limestones also, and some porous or slightly cavern¬ 
ous limestones yield it in large quantities. 

Oil- and gas-bearing rocks are found in a considerable variety of 
physical associations and are of different geological ages. Like coal, 
however, they are not found among the ancient crystalline rocks of 
pre-Paleozoic age. Some oil sands are found at great depths, where they 
are buried underneath hundreds or thousands of feet of younger rocks. 
In some localities there are two or more oil-bearing formations, one 
above the other but separated by great thicknesses of intervening 



Fig. 338.—A diagram to illustrate one form of structure in which petroleum is 
entrapped and the relation between the locations of several wells and the nature of 
their products. The existence of this anticlinal structure is not evident from the surface 
relief. 

strata, and they may be of widely different geological ages. The oil 
and gas accumulations usually are overlain by rocks that contain 
abundant ground water, and many are underlain by them also. The 
oil and gas seldom are distributed uniformly throughout the total 
extent of the rock in which they occur but arc gathered together in 
limited areas, called pools. The pools are bodies of oil trapped in some 
form of structural pocket from which they cannot escape. Some of 
these “structures’’ are the tops of anticlines which are capped by 
shales, clays, or other impervious rocks that prevent the upward 
escape of the oil or gas. Other pools are found in pockets, domes, or 
lenses of many shapes and origins into which the oil or gas has migrated 
from surrounding areas and there collected (Fig. 338). Migration into 
these structural pockets has taken place, in the long geological past, 




570 THE PHYSICAL ELEMENTS OF GEOGRAPHY 


because the oil and gas are lighter than water and tend to rise under 
the influence of ground water until they are caught and held beneath 
some impervious formation. 

The way in which oil and gas are found has an important geographic 
consequence. Because the structures suitable for petroleum collection 
commonly are small and deeply buried (some of them more than a 
mile below the surface), it often is impossible accurately to predict 
their exact location and extent or even their presence. When one 
structure is found in a region it seldom is possible to predict how 
many others may be found near by and still less possible to estimate 
the volume or value of their contents. Confident appraisal of the 
petroleum reserves of the nation or of the world is, therefore, not 
so readily made as in the case of coal resources. Tt must suffice, in 
the evaluation of the importance of petroleum and gas as elements of 
regional equipment, for the student to become acquainted with those 
fields that have either present importance or proved resources for 
the near future. 


American Oil and Gas Fields 

659. Fields in the United States. Nature has endowed the 
United States w^ith several regions in which petroleum and gas arc 
found, and the production of those fuels in the United States far 
exceeds that of any other country. Each of the regions includes a 
number of subdivisions or fields and many localities in which are 
found individual oil structures the total number of which is great. In 
some of the structures both oil and gas are found together; some yield 
oil but not much gas, and others yield gas alone. In every productive 
field also are structures that already have yielded all that they are 
capable of producing economically, and they have been abandoned. 
There are some that have passed the maximum of production, and 
still others that are now at the peak of their productive lives. Doubtless 
there are, in most of the fields, additional pools which remain undis¬ 
covered and hold a reserve for the future. The active life of most 
pools is relatively short, and already some of the fields have declined 
in production until they are but minor factors in the national output. 
'Fhe question of how long the United States can maintain its present 
abundant petroleum production is not capable of assured answer, but 
it is believed that in a decade or little more production will be reduced 
much below the levels to which Americans have been accustomed. 

The several principal regions of oil and gas production are indicated 
in Fig. 339. They are, from east to west, the Appalachian, Eastern 
Interior, Mid-Continent, Gulf Coast, Rocky Mountain, and California 
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regions. Of these the Mid-Continent Is now much the most productive 
region, followed by California. In the process of their discovery and 
development most of the country adjoining and between these regions 
has been so fully explored that there is no longer any probability of 
the discovery of additional oil regions or even of new fields of great 
importance. Deeper drilling and further search undoubtedly will 
bring to light new horizons and many new pools to add their quotas 
to the known reserve which, according to the National Resources 
Board Report of 1934, was sufliicient to last for only 15 years at the 



Fig. 339. —Maii,v of the pools incIiiHecl in the principal petroleum fields of the 
United States are very small. Only the larger have been included on this map, and the 
areas of many of them have been enlarged or combined to make them visible at this 
map scale. 

1933 rate of consum})tion. The need for conservative practice in the 
production and use of this essential fuel is evident. 

660. The Appalachian Region, The first oil and gas field to be developed 
on a modern scale was in the Allegheny region of America. That region 
was for many years the most productive in the world. The fuels are obtained 
from many fields, and pools are found in the early Paleozoic rocks (mainly 
sandstones) which incline gently westward from the highlands. They 
extend intermittently from western New York to Tennessee, and the region, 
as a whole, is of greater extent than the important coal field which includes 
younger and higher rocks that are found in the same general area. Petro¬ 
leum from the Appalachian field is noted for its superior quality, which 
involves low sulphur content, ease of refining, and the fact that, upon dis¬ 
tillation, it leaves a residue of paraffin rather than asphalt. Some gas is 
found in association with oil in most of the pools of this field, but also there 
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are many pools of gas with which no oil is found. The most productive part 
of the field is its central i>ortion, located in southwestern New York, western 
Pennsylvania, and northern West Virginia. Although its yields of oil still 
are considerable, it has passed, many years since, the peak of its produc¬ 
tivity. Much natural gas remains, however—a resource of vital importance 
for household and industrial use in the region—and it is closely related to 
the growth of certain types of manufacture there. 

661. The Eastern Interior Region. Fields of importance are located in 
Ohio, Indiana, Illinois, and Michigan. TJie Michigan fields are new but 
relatively small, while the others, formerly of great importance, have 

declined. The greater of them, that which lies 
in southeastern Illinois and adjacent Indi¬ 
ana, lias experienced a revival owing to deeper 
drilling, but it has now an output of less than 
5 per cent that of the large Mid-Continent 
region. Formerly it yielded oil of high quality 
and a large quantity of gas, but the latter 
resource has dwindled also. 

662. The Mid-Continent region includes 
several widely scattered fields and hundreds 
of pools in Kansas, Oklahoma, central and 
western Texas, southern Arkansas, and north¬ 
ern Louisiana (Fig. 840). Petroleum, of both 
paraflin and asphaltic types, is found in abun¬ 
dance through a series of rocks covering a 
wide range of geologic time. This region pro¬ 
duces about two-thirds of tlie entire United 
States output and has been producing for 
many years. Some pools have been exhausted, 
but the practice of deeper drilling has reached 
oil in older rocks at lower horizons and has 
been responsible for the most remarkable of 
recent discoveries. Gas is abundant in this 
region also. However, owing to small urban 
population and slight industrial development, 
there is but limited local market for gas, and 
much of it has been wasted. 









Fig. 340.—A portion of the 
Mid-Continent Oil Field in .south¬ 
eastern Kansas, showing the 
many individual “pools” that 
lie within the area. (After W. H. 
Emmons.) 


663. The Gulf Coast region includes numerous pools found in the young 
rocks of coastal Louisiana and Texas, some of them in association with 
the coastal salt domes or mounds underlain by deposits of rock salt (699). 
Although this region exceeds the Eastern in production, its output is barely 
one-fourth that of the adjacent Mid-Continent region. 

664. The Rocky Mountain region is comprised of many fields distributed 
over a large area which is mainly in Wyoming, although it extends north¬ 
ward into Montana and south into Colorado. It is the least productive of 
the major oil regions of the United States. Although both the Gulf Coast and 
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Mountain regions arc large in area, they are well explored, and the proba¬ 
bility of wliolly new fields’ being discovered within them is not great. 

665. The California Region. The oil and gas fields of California are 
distributed over a belt that extends from the environs of Los Angeles north¬ 
ward toward San Francisco (Fig. 341). Some of the fields are located in the 



Fig. 841. —The forest of oil derricks that occupies the low arch of Signal Hill, near 

Long Beach, Calif. 

plains and hills of the southern California piedmont district, some in the 
San Joaquin Valley and the Coast Ranges, and others on the very shoreline 
itself. As a whole, the California region is highly productive and ranks 
second only to the Mid-Continent in importance. Its oils mainly are heavy 
and of the asphaltic type. 


THE PRINCIPAL OIL FIELDS OF THE CARIBBEAN REGION. 



Fig. 342. 


666. Canadian Regions. Canada apparently is not so well endowed 
with petroleum and gas as it is with coal. A small amount is obtained in that 
section of Ontario north of Lake Erie, and some also in the plains of Alberta. 
The former area is a northward extension of the Applachian fields, and 
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the latter of the Rocky Mountain fields. Their present importance is rela¬ 
tively small. 

667. Caribbean Regions. Bordering the Carribean Sea are two 
productive oil regions (Fig. 342). One of them, on the coast of Mexico, 
includes fields near Tampico and Tuxpam. These began to yield 
abundantly early in the ])resent century and for some years gave 
Mexico second rank among ilie oil-producing countries of the world. 
They now have passed the peak of their productivity, although the 
output still is considerable. A secf)nd region includes sev^eral fields 
distributed along the north coast of South America, mainly in Colom¬ 
bia, Venezuela, and the island of Trinidad. Seepage and evaporation 
of volatile constituents from an ancient pool in Trinidad gave rise to 
the famous asphalt lake of that island, where hardened asphalt, re¬ 
moved from the surface, is replaced by the slow upwelling of new 
supplies from beneath. The recent large yields of oil from several 
localities in Venezuela have enabled that country to rise to third place 
among the producing countries of the world. 

668. SoxTTH Ameuica, beyond the Caribbean borders, gives some evi¬ 
dence of widespread occurrence of petroleum. Of tiie several countries, only 
Argentina, Peru, and Ecuador now have important production. 

Eurasian Oil Fields 

669. General Distrd3Ution. The presence of oil and gas is 
known in many localities in Eurasia, Africa, and Australia through 
producing wells or natural seepages of gas, oil, or tar. However, fields 
of large present output or such as give assurance of great future 
importance are confined to Europe or to Asia and its bordering islands. 

It is of great significance that although the financial interests of 
the leading west-Euroj)ean countries control supplies of petroleum 
elsewhere, not one of the countries contains within its borders any 
significant petroleum supply, and the same is true of Japan. The largest 
present output and the greatest known reserves lie in three regions: 
(a) southeastern Europe, especially southern Russia; (h) the Persian 
Gulf region; and (c) the East Indies. 

670. The Oil Fields of Southeastern Europe. Some oil has been 
produced for many years in Poland, apd the Ploefjti fields of Rumania have 
lately achieved great fame because of the struggle for their control as a source 
of supply for Germany. However, the oldest, most persistent, and most pro¬ 
ductive fields in Europe are in southeastern Russia adjacent to the Caucasus 
Mountains and the Caspian Sea. Of several fields in this region those near 
Baku, on the peninsula of Apsheron and Grozny, north of the Caucasus, are 
most famous (Fig. 343). Oil from those fields enabled Russia to lead the world 
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in production until the opening of the present century. It fell behind the 
United States during the first decade of the century, was passed in turn by 
Mexico during the second decade, but has now recovered second place. 
Although its output is less than one-fifth that of the United States, Russia 
is much the most iinporiant oil producer in the Old World. Vast areas of 
land yet to be explored for oil in the country may well enable European and 
western Asiatic Russia to maintain at least its present rank in petroleum 
output, although Siberia, as a whole, appears to be poor in that resource. 

THE COAL AND PETROLEUM FIELDS OF EUROPEAN RUSSIA 


AND CENTRAL SIBERIA 



Fia. 343.—The relative importance of the Russian coal and oil fields is as much 
dependent upon their location as upon their size. 


671. Oil Fields of Southern Asia. Although the fields of southern 
Asia together produce only about as much petroleum as either California or 
Oklahoma, it is possible that some of the world’s greatest oil reserves are 
there. About the head of the Persian Gulf are the producing fields of Iran 
(Persia) and known reserves of great importance in Iraq. The control of 
these resources has been, in recent years, a matter of great concern in 
international politics and military strategy. 

Some petroleum is obtained from fields in Burma, but a much larger 
quantity comes from the East Indies, especially Sumatra and Borneo. The 
output of this region exceeds that of Kansas in volume, and the reserves 
are believed to be considerable. 

Supplementary Oil Resources 

672. Oil Shales. The recovery of petroleum from underground 
ceases when the flow has decreased to the point where the cost of 
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pumping exceeds the value of the oil recovered. That does not mean, 
however, that the oil supply is completely used. The movement of oil 
in the pore space of the rocks is sometimes impeded by the collection 
of tarry substances, and some oil always clings as films upon the rock 
particles. It is estimated that perhaps, on the average, more tlian half 
the original supply remains underground when a pool is abandoned. 
Improved methods of recovery may, in the future, make some of that 
oil available. 

In addition, there are, in the United States and elsewhere, large 
supplies of oil-yielding organic matter contained in compact shales. 
The material does not flow and hence cannot be recovered by j)ump- 
ing. Petroleum has been obtained from rich oil shales of that kir\d in 
Scotland, and it can be done elsewhere. However, the cost of produc¬ 
tion is high, because the rock must first be quarried or mined and then 
treated, before the crude oil, such as now flows from wells, can be 
obtained. For a future, when petroleum is no longer cheap, there are 
large supplies of oil shale in western United States, especially in 
Wyoming and Colorado, and oil can be produced also from coal by 
subjecting it to various chemical processes. In any case, these sources 
will be expedients adopted to supplement a failing oil supply. It is 
likely that the student who reads this will, within his lifetime, live 
in a United States that no longer includes petroleum in the list of its 
abundant and cheap earth resources. 





Chapter XXVII. Ores and Other 
Economic Minerals 


673. Classes of Mineral Resources. In addition to water 
and the mineral fuels, the earth provides many inorganic substances 
for human use. In the list are the raw materials of a wide array of 
industries. The substances are of great diversity and include some as 
different from each other as the crude rocks and sand used in road 
construction are different from the fine metals and gems that enter 
into the making of an expensive watch. The mineral resources drawn 
upon to supply these needs may be grouped, according to the purpose 
for which they are produced and the manner of their treatment, into 
(a) the ores of the metallic minerals and (6) the solid, nonmetallic, 
nonfuel minerals. Those of the first group are prepared for use by 
treating with one of several processes of mechanical concentration 
or chemical reduction, and from them the metals are obtained. Those 
of the second group sometimes are used practically as they come from 
the earth. The list of the metals is a long one, but that of the nonmetals 
is longer. In the latter are rocks, sand and gravel, clays, lime, salines, 
fertilizers, abrasives, gems, and many others. 

The Metallic Minerals 

674. The Importance of Metalliferous Ores. Before the 
beginning of written history men knew the value of certain metals 
and sought the materials from which they might be obtained. Copper 
and tin were employed to produce bronze, which was harder than 
either of its components. Gold and silver also were highly prized, 
as they are now. Later came the use of iron and other metals. Some 
of these are used separately in the arts and specific industries, while 
others are combined with each other, and especially with iron, in a 
number of industrially important alloys. 

Of the many metals concerned, a considerable number may be 
classed as precious or semiprecious. These are used in relatively small 
quantities. While the existence of a supply of one of them, such as 
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578 TllK PHYSICAL ELEMENTS OF GEOGRAPHY 


gold, silver, chromium, or iungsten, is important to many industries, 
and economically important to the region in which it occurs, it can 
hardly be called a basic mineral resource. The very smallness of the 
volume of output of each of them and the limited quantity required, 
coupled with high specific value, enable these and similar metals to 
move freely in the channels of international trade. In a sense, the 
whole world draws upon the same sources of supply. Even a distant 
country enjoys almost the same advantage from such a resource, 
except ill time of war, as does the country in which it is produced. A 
few metals that are used in large quantities, especially iron, may be 
thought of as fundamental resources. This is particularly true if they 
occur in close proximity to supplies of the fuel needed to smelt them. 
So much of iron and its ores are required, and they are of such com¬ 
paratively low specific value, that they do not move in the channels 
of international trade with the same ease as do those of the other 
class. They do, indeed, move to some extent, but the possession of a 
domestic supply of iron ore is considered always, next to a sujiply of 
coal or petroleum, a matter of major economic importance by the 
great nations. 

In the world of modern industry, therefore, ores of the metals, 
precious and nonprecious, are elements of great significance in the 
complex of things that go to make up the natural equipment of regions. 
Because of that fact, it is necessary for the student of geography to 
grasp at least the fundamentals of those earth conditions upon which 
the presence or absence of valuable ores is likely to depend and to 
know the broad features of the world distribution of the most impor¬ 
tant of these substances. 

675. The Common Physical Associations of Ore Deposits. An 
ore deposit is a concentration of a metallic mineral, or one of its chemi¬ 
cal compounds, suflScicntly rich in the metal so that it is profitable to 
use it. Some metals, e,g,y gold and copper, are found locally in the 
metallic, or ‘‘native,” state. More commonly the metallic elements 
occur in chemical combination with other elements in the form of 
sulphides, sulphates, oxides, carbonates, and other compounds, from 
which they must be set free by processes of reduction called smelting. 
Usually, also, the valuable compounds are intermingled with some 
quantity of rock or earthy material, called gangue^ from which they 
must be separated by mechanical means. 

The local concentration of minerals by natural processes into ores 
of profitable quality is believed to have dome about in several different 
ways, which may be touched upon here only because they have to 
do with the distribution of regions of mineral occurrence. Some, for 
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example, appear to have originated at the same time as the igneous 
rocks in which they are found but to have separated from them while 
yet in the liquid molten state because they were heavier or for various 
other reasons. Others seem to have been thinly distributed in the 
original rocks and to have separated out later through some process 
of concentration, especially by the slow chemical work of ground 
water. Traces of metallic minerals are found in many rocks, both 
igneous and sedimentary. In liquid igneous intrusions it is possible, 
as has been stated (317), for molecules of like kind to come together 
and separate from the parent mass during the slow process of cooling. 
However, when valuable minerals are distribuled through solid rocks 
they are more likely to be concentrated by the work of solutions. 
This may come about as a result of several processes which, in general, 
do either one of two things: (a) Son)e solutions that contain molecules 
of valuable mineral, and perhaps others as well, bring them together 
and deposit them in greatly 1 ‘nriched zones. The deposition may take 
place in cavities, thus forming such features as mineral veins, or it 
may take place by a process of replacement , similar to that of petrifica¬ 
tion (350). (6) The work of solution may largely remove the rock 
minerals associated with those having valuable properties, leaving the 
latter behind in greatly concentrated or enriched form. While these 
processes may be accomplished by the ordinary cold waters of the 
ground, it is likely that the result is brought about more readily by 
the steam and hot waters associated with igneous intrusions. Not only 
is hot water more active chemically, but those waters are likely to 
contain gases and solutions derived from the molten mass which, 
themselves, may contain some of the valuable minerals or may bring 
about chemical changes in the rocks with which they come in 
contact. 

It is not surprising, in view of the foregoing facts, that rich mineral 
ores are more often found (a) in regions that have at some time been 
affected by igneous intrusions or (5) in regions of crystalline rock 
where the processes of metamorphism have been accompanied by* 
great pressure and the development of heat or (c) in regions where 
both igneous activity and metamorphism have operated together. 
This association of conditions clearly has an important relation to 
the world patterns of distribution of the metallic mineral resources. 
Although there are some notable exceptions, it is broadly true that the 
great areas of undisturbed sedimentary rocks are poor in the ores of 
metals (see Plate VI). This is exactly the opposite of the relationship 
found to exist in connection with coal and petroleum. Conversely, it 
is true that the principal areas of ancient crystalline rocks, the bases 
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of old worn-down mountains, and regions of young complex moun¬ 
tains are likely to have localities in which mineral ores may be found. 
Ore deposits are more often discovered in mountain regions not merely 
because of the existence there of more of the conditions favorable to 
their formation but also because of conditions favorable to their dis¬ 
covery. The vigorous erosion characteristic of mountains tends to 
dissect the rock structures and lay open to view those associations of 
physical features and rock composition by which the prospector for 
minerals learns to recognize the existence of ores. 

Iron Ores and Their Distribution 

676. The Physical Associations of Iron Ores. With the 
exception of aluminum, iron is the most abundant of the metallic 
minerals in the rocks of the earth (314). Because it is so easily oxidized 
or rusted, it is seldom found in metallic form but in some chemical 
combination. The most important of these are (a) hematite^ Fe 203 , 
red or gray iron oxide; (6) magnetite, Fe 304 , black magnetic iron oxide; 
(c) ftiderite, FeC 03 , iron carbonate; and (d) limonitc, 2 Fe 203 , 3 H 2 O, 
brown hydrous iron oxide. The red and brown oxides are particularly 
abundant, since they are scattered widely but thinly through a large 
part of the regolith and give the common red, brown, or yellow colors 
to it. Only a little of it is required to give a strong color, and ordinary 
earth has not enough iron in it to make it profitable for use as an 
ore (604). Pure hematite and magnetite contain as much as 70 per cent 
of metallic iron, but large deposits of ore seldom are pure, since they 
contain admixtures of gangue minerals, especially silica. Some are 
known, however, that yield large amounts of ore containing as much 
as 55 per cent of its weight in iron. Most of the ore used in the world 
must, in order to be profitable under present economic conditions, 
contain more than 30 or 35 per cent of iron. In the United States 
relatively little ore is mined that does not contain 50 per cent of iron 
or more. Some iron-ore deposits contain gangue minerals, such as 
phosphorus, which are not in large quantity but are diflSicult to get 
rid of in the smelting process. That makes the ores less valuable. 
A few ores, on the other hand, contain lime, which is an aid in the 
smelting process, and they are made more valuable thereby. The 
latter are known as self-fluxing ores. 

It is clear, therefore, that, although iron is a very abundant metal, 
the distribution of usable ores of iron is a matter of national concern. 
Those deposits of largest present value are (a) high in metallic iron, 
(6) low in objectionable impurities, (c) capable of being inexpensively 
mined, and (d) situated so that they may be transported cheaply to 
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regions where the other necessary ingredients of iron manufacture are 
easily assembled near to a large market for iron and steel. Few iron-ore 
deposits meet all those qualifications. A few, which meet enough of 
them, have attained international importance and should be known. 
Among them the outstanding deposits, measured by their present 
contributions to the iron industries of the world, are those of the 
Lake Superior region of the United States, northeastern France, 
Great l^ritain, Sweden, LT.S.S.ll., Germany, and Spain. Others of 
large potential importance require consideration also. 


THE IRON ORE RANGES OF THE LAKE SUPERIOR REGION 



677. The Iron Ores of the United States. In the United 
States much more iron ore is mined and used than in any other country 
in the world. This is in part made possible by the high quality, ease 
of mining, and c()nv(mient location of some of the ores of the Lake 
Superior region. There are in that region, which includes parts of 
northern Minnesota, Wisconsin, and Michigan, several bodies of 
ore (Fig. 344). All of them, however, are found in the ancient crystal¬ 
line rocks of the Laurentian Shield, which in that region extends 
southward from the principal area of those rocks in Canada. Further¬ 
more, there are several other bodies of usable ore in the United States 
besides those of the Lake Superior district. 

678. The Lake Superior ores are hematite of a desirable grade. Although 
the region contains large quantities of low-grade ore in which the propor¬ 
tions of silica and other gangue minerals are high, those mined up until the 
present were very rich, the average iron content being about 55 per cent. 
Quite as important in the development of the American steel industry is 
the fact that these ores are prevailingly low in phosphorus. In many iron 
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ores that element is as much as one-half of 1 per cent of the total. In the 
Lake Superior ores it generally is less than one-tenth of 1 per cent. Ores 
with more than that quantity of phosphorus could not be used in the manu¬ 
facture of steel by the rapid and cheap Bessemer process, which played an 
important part in the history of the American industry, although it has 
largely been supplanted now by other processes. 

The physical situation of the Lake Superior ores is of as great advantage 
as their chemical composition. They have been concentrated in the ancient 
rocks by the work of ground waters and lie in pockets which, in general, are 



Fig. 845.— Mining iron ore in an open pit in northern Minnesota. The lighter colored 
material at the top is glacial drift. {Courtesy of The Oliver Iron Mining Company,) 


near the surface. In that district of northern Minnesota called the Mesabi 
Range particularly, the ore deposit is a broad and shallow synclinal ridge, 
covered only by a relatively thin overburden of glacial drift. When the over¬ 
burden is stripped away the ore may be removed by steam shovels in open 
pits (Fig. 845). It is the most productive body of iron ore in the world, but 
a large part of the highest quality ore has been mined, and the standard of 
required iron content already has been reduced slightly. However, there are 
large reserves still in the region having iron content higher than is found in 
many of the ores used in Europe. 

The relation of the Lake Superioi* ores to regions of manufacture and 
market is fortunate also. The construction of a ship canal through the rapids 
of Saint Marys River, connecting Laites Superior and Huron, provided a 
deep waterway for the transportation of ore almost from the mine to the 
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very margin of the Appalachian coal field and the heart of the American 
industrial region. The provision of special devices and carriers for handling 
the ore has reduced the cost of transportation to a very low figure. For 
many years more than three-fourths of the iron ores mined in the United 
States have come from the several districts of the Lake Superior region, 
but the regional dominance is not likely to continue indefinitely. Following 
the depletion of the high-grade shallow ores the principal production will 
be of lower grade and deeper ores which will be forced to compete with 
similar ores from other regions. 



679. Other United States ores are available in several districts. Among 
the sedimentary rocks of the Folded Appalachians are discontinuous beds of 
hematite which are found in localities from New York to central Alabama. 
These ores are most used in Alabama, where they are mined in the same 
district with the coal and limestone required in smelting tliem (Fig. 346). 
They are of relatively low grade but have the advantage of containing suflS- 
cient lime so that they are almost self-fluxing. Other considerable deposits of 
ore, hematite and magnetite, are known in the Adirondack Mountains and 
at various places in the interior states, the Rocky Mountain region, and 
other western localities. What the relative importance of these several 
reserves may prove to be when the Lake Superior ores no longer dominate 
American production is not known. 

680 . Other Western Hemisphere Reserves op Iron Ore, 
Iron ore moves so cheaply by water that even the ample United States 
supply has not prevented some foreign ores from moving to meet 
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abundant coal upon the eastern seaboard for smelting there. Most 
of these limited imports come from other North or South American 
sources, chiefly from Chile, Cuba, and Newfoundland. The two last 
named have large reserves of ore available for export. 

681. Canada and. Newfouyidland. It is the lot of Canada to have the 
larger part of the ice-scoured rocks of the Laurentian Shield but, so far as is 
now known, the smaller part of the rich and easily mined iron-ore deposits 
which occur in them. Some of considerable value are known in tlie region 
north of Lake Superior, but they are not comparable in extent with those of 
southeastern Newfoundland, which rank among the large reserves of good 
ore in the world. They are now mined to a limited extent for use in Nova 
Scotia and for export to Great Britain and the United States. 

682. Brazilian Ore Reserves. Although Brazil does not now compete 
with Cuba and Cliile in tJic export of ore, it has a remarkable supply wiiich, 
for several physical and economic reasons, is not now producing much com¬ 
mercially. The ore fields lie more than 200 miles north of Ilio dc Janeiro in 
the ancient crystalline rocks of the Brazilian plateau. They include a num¬ 
ber of localities which contain ore bodies of the highest quality, some 
hematite, some magnetite. Altogether, the region is reputed to have what is 
perhaps the greatest and richest reserve of iron ore in the world. 

683. European Iron-ore Deposits. The iron industries of 
Europe depend mainly upon European sources of ore. Like those of 
North America, the greatest centers of iron manufacture are located 
in, or close to, the principal coal fields. In only a few places are the 
ore and coal found together; hence, one or the other must usually be 
transported. In the ITnited States they move freely by water over the 
Great Lakes, and more largely the ore moves to, or toward, the coal. 
In one particular respect the European situation is different. Although 
some of the countries contain both, the numerous political boundaries 
of western Europe have separated several of the more important 
deposits of iron from those of coal, and much of the ore, especially the 
high-grade ore, has had to move in international trade to reach the 
principal smelting centers. The large iron resources are in France, 
Great Britain, and Sweden, That of Sweden is less in quantity than 
those of the other two but superior in quality. The U.S.S.R. also has 
reserves of iron ore, the most important of which are found in two 
localities; Krivoi Rog in the Ukraine, not far from the Donets coal 
field, and in the southern Ural district. Other important sources of 
ore are found in Germany and Spain. Those of Germany are not 
adequate to the large needs of the country, but those of northern 
Spain, a country of little coal, have provided ore for export to England 
and other countries until some of the deposits are nearly exhausted. 
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684. The iron ores of Frarwe include the largest single iron reserve in 
Europe and one of the large ones of the world. They are found in the north¬ 
eastern part of the country in the province of Lorraine and extend across the 
boundary into Luxemburg and slightly into Belgium (Fig. 347). Prior to the 
treaty of Versailles, in 1919, the eastern part of this field lay on the German 
side of the international boundary, and as a result of military operations it is 
again under German control. It has been most important in the development 
of the German iron and ste.‘el industry. The Lorraine ores arc mainly limonite 
and of relatively low grade, since they average only about 30 to 40 per cent 
of iron. However, they are sedimentary in origin and contain enough lime to 
make them self-fluxing, and they lie near the 
German, Belgian, and French coal fields and 
the great industrial market of Europe. TJiey 
are high in phosphorus, but a special process 
of steel manufacture extracts that undesirable 
element and makes from it a valuable by¬ 
product fertilizer. 

685. The iron ores of Great Britain are 
fairly abundant but are scattered, of different 
kinds, and mainly of low grade. It has long 
been the practice of British smelters to supple¬ 
ment the domestic supply with other ores, 
especially the better grades imported from 
Sweden, Spain, Newfoundland, and elsewdiere. 

However, of domestic low-gra<le ores Britain has a supply suflBcient for 
many years, and war economy is enforcing a greater dependence upon them. 
They are distributed in several localities, the larger reserves being in the 
northern and central counties (Fig. 334). They are closely associated with 
supplies of coal and limestone. 

686. The iron ores of Sweden are only moderately abundant, but the 
principal deposits are noted for their high quality. They are mainly mag¬ 
netite and average from 55 to 65 per cent iron. The largest and best deposits 
are situated in the crystalline rocks of the far northern part of the country. 
Since there is almost no coal and but little iron manufacture in Sweden, 
the ores are exported, in normal times, to Germany, Britain, and other 
European countries. One phase of German military strategy has been con¬ 
cerned with the control of the.se ores and of the Norwegian port of Narvik 
through which they are mainly exported. 

687. Other Significant Iron-ore Deposits. Through the vast 
expanses of Africa, Asia, and Australasia iron-ore deposits are known 
to exist in many places. Some of them now produce in suflScient quan¬ 
tity to provide abundantly for local industry, as do tliose of southern 
Australia, for example. It is probable that in localities as yet imper¬ 
fectly explored other, and perhaps significant, resources may be found. 
However, of all the many iron-ore deposits known, only one appears 


LOCATION or the CRLAT iron ore field of FRANCE. 
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SO great as to rank among the major sources of iron in the world. 
That one is in India. It lies adjacent to the principal, but not highly 
productive, coal field of the country in a district about 150 miles 
west of Calcutta (Fig. 336). The ores are hematite of high iron content; 
they are of great extent and arc so near the surface that some at least 
are capable of being mined in open pits. 

688. Significant Facts about the Iron Resource. Iron is the 
most important metal in the present-day world, and it is the second 
most abundant. Moreover, scattered over the eartli are many places 
where there are ores of some present or future significance as sources 
of the metal. Of these many deposits only a few have now any great 
importance. Much the larger number have little present value because 
they are (a) small or (h) remote or (c) low in iron content or (d) com¬ 
bined with substances that increase the difiBculty and cost of smelting 
them. Which of the deposits of present less importance may achieve 
future prominence cannot be predicted, because of the possibility 
that new methods of manufacture of iron may, in the future, make it 
feasible to use as ores substances much below the present standards 
of good quality. 

However, since iron usually is reduced from the ore by the use of 
certain grades of coal in the form of coke, it is important to consider 
in what parts of the world these two ingredients are found close to- 
together. It was stated previously that the distribution of the world’s 
plains was such that they contribute to the commercial supremacy 
of the Atlantic Ocean (374). Another reason for that supremacy may 
be noted here. The world regions in which abundant deposits of iron 
ore and of coking coal are closely associated lie on the borders of the 
North Atlantic Basin. These include eastern United States and 
countries of northwestern Europe. In them are the present world 
centers of heavy iron and steel manufacture and of many other 
industries that depend on cheap iron and steel. There seems good 
geographic basis for believing that those centers will long continue, 
because no others appear to have better natural endowment or more 
advantageous situation. Perhaps the world’s greatest reserves of ore 
are in Brazil and India, but the former has not any, and the latter has 
only a limited supply of coking coal. China has large reserves of 
excellent coal but no known supply of ore of comparable importance. 
Also, it may be noted, Japan, now a progressive industrial nation, has 
but limited domestic supplies of coal and even less iron ore of usable 
grade. In this respect the situation of the United States is fortunate. 
Although the best of the readily accessible ores of the country have 
been used, large supplies of slightly inferior grades remain. Beyond 
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these there are truly vast reserves of Iron-bearing rocks too low in 
iron to be considered ore at present. 

Other Metallic Minerals 

689. Important Precious and Semiprecious Metals. The list 
of metals that have importance in modern arts and industries is so 
long that adequate descriptions of their several regions of occurrence 
would require more space than is available here. In any case, a brief 
account of each of so many kinds of regions might well produce more 
confusion than enlightenment. For that reason, comment will be 
restricted to the locations of the major world regions that are noted 
for their important productions and possible reserves of the precious 
and semiprecious metals as a group. 

690. Productive and Potential Mineral Regions. The earth 
conditions favorable to the occurrence and discovery of the ores of the 
several metals here included must be of great variety. The generally 
favorable conditions have been discussed (675), and it needs only to 
he stated here that the principal world regions of mineralization are 
those of ancient crystalline rocks or of more recent crustal disturbances 
or of igneous activity. Although this is true in a general way, it is a rule 
that has notable exceptions. One type of exception is found in the 
deposits of lead and zinc ores associated with sedimentary rocks. 
Examples of these are the lead and zinc deposits of southwestern 
Missouri, southwestern Wisconsin, and adjacent Illinois, or those of 
Belgium or of Poland. 

Another exception of great importance is the ore of aluminum. 
This metal, even more abundant than iron, is like iron in that it is a 
constituent of earthy minerals which are widely distributed in the 
regolith. It is a component of common clay and other substances most 
of which are too low in grade to be utilized profitably. Only in a few 
places are there rich deposits of the earthy ore of aluminum called 
bauxite. Varieties of this substance are of different origins, but it seems 
clear that some are derived from sedimentary clays that have been 
changed through long-continued leaching by ground water, whereas 
others are known to have been derived by the complete weathering 
or laterization of igneous rocks of types that were low in iron (618). 
The notable deposits of the Ouachita Mountain region of Arkansas 
and of the Guianas, in South America, are of the latter type, whereas 
those of France are of sedimentary origin. Large reserves of bauxite 
available in France, Hungary, and Yugoslavia provide abundantly 
for European consumption, dominantly German, but the domestic 
reserves of the United States are not great, and much of the ore 
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consumed is imported from British Guiana. Smaller deposits are' known 
in many parts of the world, but, whatever their present climatic situa¬ 
tion, there is at least the implication that, at the time of their forma¬ 
tion, the climate of the region was hot and humid. 

Potential deposits or reserves of the semiprecious an el precious 
metals are only imperfectly known, if at all. Many of the deposits of 
great value that have been discovered are of small areal extent, and 
their existence is not marked by obvious surface features. In some cases 
their discovery has been a matter of chance. Whether others like them 
exist and, if so, their number and future productiveness cannot be said. 
Changes in methods of ore reduction may, in the future, change centers 
of production and increase the available supply of metals. Large 
quantities are known of substances bearing aluminum, copper, gold, 



and other metals which it is not now profitable to mine because the 
cost of mining and smelting them is greater than the present values 
of their products. That may not always be true. 

691. The Laurentian Shield, One of the world regions highly productive 
of the metals, and one having large possibilities of future discoveries, is the 
Laurentian Shield. From the ancient crystalline rocks beneath its ice- 
scoured surface are obtained not only the rich iron ores of the Lake Superior 
region but also a wealth of other metals. These include most of the world's 
supply of nickel and large amounts of gold, silver, cobalt, copper, and others. 
Important discoveries are made in this extensive region each year, and the 
exploitation of mineral resources is one of th^ principal industries which 
have attracted settlements of people there (Fig. 348). 

69fit. The American cordilleran region, from Alaska to Cape Horn, is one 
of the world regions noted for the abundance and variety of its mineral 
products. These include widely distributed bodies of ore, some of which 
have been practically exhausted while others still are in full production. 






ORES AND OTHER ECONOMIC MINERALS 589 


Doubtless many others remain to be discovered or are reserved for a future 
time when new processes shall make them profitable. Valuable deposits of 
copper are found in the region in localities as far separated as Chile, Peru, 
Arizona, Montana, and Alaska and in many intermediate places (Fig. 349). 
Gold, silver, lead, and zinc are sufliciently abundant so that Mexico, the 
United States, and Canada hold high rank in the production of each of them. 
The Andean countries of South America are important producers not only 
of copper but also of platinum, tin, and tungsten, besides having an appreci- 



Fig. 349. —^Looking down upon Bingham, Utah, and Bingham Canyon, where large 
quantities of low-grade copper ore are mined on the open mountainside. Note the 
linear pattern of the town. {Photograph by Capt, A. W, Stevens, 17. 3. Army Air 
Corps.) 

able output of other metals. It was the gold of this region that gave impetus 
to its conquest by Spain. 

693. Central and South Africa, The crystalline rocks of central and 
southern Africa include several productive mineral regions. Within that vast 
area are the world’s leading gold-producing district and important centers 
in the production of copper and chromium, not to mention the leading 
localities from which diamonds are mined, 

694. Other mineral regions of world renown may only be mentioned. 
Among them are the following: (a) areas of igneous and crystalline meta- 
morphic rocks in southern and western Australia which have yielded gold, 
silver, lead, zinc, and minor quantities of other metals. The exploitation of 
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those mineral ores had much to do with the progress of exploration and 
settlement in Australia; (h) the crystalline rocks of the highlands of eastern 
South America, in Brazil and the Guianas. In addition to the large deposits 
of iron ore, previously mentioned, these highlands yield important quanti¬ 
ties of manganese, gold, and precious stones. They are known also to contain 
deposits of several other metals which are as yet little developed; (c) a large 
region of crystalline rocks in eastern Asia. They extend from Chosen 
(Korea), on the south, to the shores of the Okhotsk Sea on the north and 
thence westward in southern Siberia through the regions of the Yablonoi 
Mountains, Lake Baikal, and the Sayan and Altai Mountains. From this 
region is obtained a large part of the gold that makes the U.S.S.R. one of the 
leading producers of that metal. It contains large areas that are as yet little 
explored geologically; (d) the highlands of southeastern Asia. From them 
are now obtained the larger part of Ihe world's tin, tungsten, and several 
other metals; (e) the cordilleran region of southern Euroi)e and the Mediter¬ 
ranean borders. In it are included important centers in the i)roduction of 
several metals. They are located in Spain, North Africa, Italy, Czecho¬ 
slovakia, and the Caucasus district of southern U.S.S.R. 

695. Summary. From ihe foregoing it may be concluded that the 
world’s principal (renters of actual and potential production (jf the 
precious and semiprecious metals are those of complex mountain 
structures or such as are associated with igneous or crystalline rocks 
(Plate VI). In contrast with those regions are several the surfaces of 
which are comprised mainly of sedimentary rocks or such as are buried 
deeply beneath thick mantles of alluvium. Despite the fact that the 
regions of sedimentary rcjcks contain the world’s supplies of mineral 
fuels and certain of the ores of iron, aluminum, lead, and zinc, they 
are, in general, poor in the ores of the precious and semiprecious metals. 

Although the larger part of the ores of the metals are found in 
regions of ancient rocks or of mountain structures, it may not be safely 
concluded that all such regions are so endowed. It is probable that lack 
of detailed exploration in certain of those regions may explain their 
present lack of known ore deposits, but that is not true of all. For 
example, the crystalline Highlands of Scotland and the large areas of 
similar rocks in Scandinavia and Finland are known by geologists in 
much greater detail than are those of Canada or Africa. Similarly, 
the geology of the Alps is known in more minute detail than that of 
any other mountains of the world. Yet in neither of these regions are 
there outstanding deposits of the precious and semiprecious metals. 

The Nonmetallic, Noiifuel Minerals 

696. Minerals for Many Uses. In addition to the mineral fuels 
there are produced from the earth more than 50 other nonmetallic 
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minerals. Some of them are used in their natural states while others 
pass through processes of industrial manufacture and appear as 
components in goods having hundreds of essential uses. Rocks, sands, 
clays, salts, abrasives, fertilizers, gems, and many others make up the 
list. Most of them are found in a variety of grades or qualities which 
have equally varied uses. They are essential parts of the natural 
equipment of regions, but no limited portion of the earth contains all 
of them. Indeed, there are few regions, if any, that contain all of 
even the most essential. 

Because of the great number of these substances, many must be 
omitted from this brief treatment. Others, the more essential or those 
required in greater quantity, may be grouped for consideration under 
two major headings: (a) minerals used in making utensils or in con¬ 
struction and (6) those used as raw materials in the chemical industries. 
A few minerals, sueh as lime, belong in both classes. 

Crude Minerals for Construction and Utensils 

697. Rock for CoxNstruction. Many kinds of rock and large 
quantities of it are used in architectural and engineering structures. 
In the form of cut stone, crushed rock, or gravels of stream or glacial 
origin, some material that will serve these purposes is found in most 
parts of the earth. It may seem that rock, in this broad sense, is 
one of the universal items of regional equipment, like the air. That, 
however, is not true. Some regions are endowed with rocks having 
unusual qualities of structure, strength, beauty of color or ease of 
working. Others have none at all. 

Because crude rock is heavy and of low value, it seldom moves far 
from its place of origin unless it has some particular quality to recom¬ 
mend it to a wider market. Regions in which rocks of special quality 
abound have, therefore, a valuable resource, especially if they also 
are near a large market for stone. Such a region is New England. 
There a vast quantity of crude rock, glacial boulders, and gravel is 
supplemented by special rocks in a region of igneous intrusion and 
metamorphosed sediments. Beautiful and massive granites, slates of 
parallel cleavage, and excellent marbles all are produced. The even- 
textured and easily worked gray limestones of southern Indiana have 
a national market, and some other stones of unique quality have 
practically world markets. Such are the lithographic limestones of 
Bavaria and the statuary marble of Italy. 

A few regions of considerable size are practically devoid of rock. 
Among these are the great deltas of the world, where silt covers 
hundreds of square miles, and rock is buried to great depths. Much 
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larger are certain of the plains of older alluvium or the regions of deep 
loess accumulation. Among these is the loess- and alluvium-covered 
Pampa of Argentina and similar areas in the American corn belt, 
where older drift and loess cover the rock strata deeply. In these 
regions are localities that have not even any crude rock or gravel 
with which to surface roads. 

698. Sands, Limes, and Clays for Industry. Sand, in crude 
form, enters largely into construction as an ingredient of concrete, 
mortar, and plaster. Also it shares with lime and clay a place of 
importance as a raw material of industry. Lime and clay are required 
in the manufacture of cement; clay is basic to the brick, tile, and 
pottery industries; and sand is the chief raw material in the manu¬ 
facture of glass. These three substances are of common occurrence. 
There are, for example, river sands, beach sands, wind-blown sands, 
glaciofluvial sands, and pure sandstones. There are unconsolidated 
marls, soft chalks, and hard limestones. There are river clays, lacus¬ 
trine clays, marine clays, residual clays, and shale rocks. Not many 
regions are without one or more of these minerals. However, qualities 
differ. Glacial lake clays may be good enough for the manufacture of 
ordinary brick and tile, but other uses have more i)articular require¬ 
ments. Pottery clay, especially, must be pure and burn white. It usually 
is found in residual deposits whexc it has weathered from coarsely 
crystalline feldspars (315). Good grades of glass sand, free from iron 
or clay, may be sought hundreds of miles from the centers of glass 
manufacture. Therefore, some regions gain advantage from natural 
endowments of sands, limes, or clays suited to particular requirements. 
Some, indeed, have achieved international fame through their prod¬ 
ucts, such as that which attaches to the regions of pottery clays in 
southern England, northern France, or Bavaria. 

Mineral Raw Materials for the Chemical Industries 

699. Salt is one of the common rock minerals of the earth. Owing 
to its solubility in water, it is not abundant in the zone of free ground- 
water circulation. Inexhaustible supplies are available for human use, 
however, from the following sources: (a) the sea, which contains lb. 
of salt for every 100 lb. of water; (b) natural brines, which are the 
waters of ancient seas trapped in sediments, now deep underground, 
and cut off from ground-water circulation; (c) deposits of rock salt, 
which probably are precipitates from the evaporation of water in the 
arms of ancient seas or in former arid interior drainage basins. Those 
deposits now are sedimentary rocks deep underground, where they 
are protected by the other sediments from the solvent action of ground 
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water; (d) another limited source of supply is found in the surface 
encrustations of salt in the playa and similar deposits of the interior 
drainage basins of deserts. 

Salt is used not only as a food and a preservative of food but also 
in large quantities in chemical industries. It is the basic raw material 
from which a number of the compounds of sodium are made. For 
industrial uses it is obtained largely by mining rock salt or by the 
pumping of brines, either natural brines or those produced by pumping 
water down to bodies of rock salt. 

Primitive peoples in majiy regions have found it difficult to procure 
sufficient salt, even for their limited requirements. Yet salt is now so 
readily obtained and is found in so many places that few parts of the 
world are without some local supply. Industrial salt, however, comes 
mainly from a few sources. 

700 . Salt-producing Regions. The industrial regions of North 
America are supplied with salt, both rock salt and brine, from abundant 
reserves. Thick beds of rock salt underlie large areas in central and western 
New York, northeastern Ohio, southeastern Michigan, and peninsular 
Ontario. Other large reserves are found in the buried “salt domes” of the 
Louisiana-Texas Gulf Coast, in deposits in central Kansas, and at various 
places in the soutliwestern states. 

The industrial centers of Europe likewise are well provided with salt. 
There are large deposits in western England, central Germany, Austria, and 
southern U.S.S.R. Other populous countries, especially China and India, 
also are large producers of salt. 

701. Sulphur has many uses in modern industry, especially 
in the form of sulphuric acid and for various uses in connection with 
the manufacture of steel, oil, rubber, explosives, and in other chemical 
industries. It has long been obtained from deposits associated with 
recent volcanic activity. Some still is mined from these sources in 
Italy, Spain, Japan, and Chile. In the United States, which now pro¬ 
duces more than four-fifths of the world’s supply, the deposits have no 
immediate volcanic connection. Instead, they are found in association 
with petroleum and the rock-salt deposits of the Louisiana-Texas 
coast. There the sulphur is recovered by means of wells through which 
superheated steam is pumped underground to the sulphur beds and 
molten sulphur is returned to the surface. 

702. The Mineral Fertilizers. Certain elements of soil fer¬ 
tility have been mentioned previously as especially subject to depletion 
by crop production and by the leaching action of ground water (595). 
They are calcium, potash, phosphorus, and nitrogen. For each of these 
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there are known sources of mineral supply which are drawn upon in the 
manufacture of commercial fertilizers. Some sulphur also is employed 
for the purpose. Soil lime, in the form of calcium carbonate, is readily 
available in the local limestones of many regions, and the location of 
supplies is not a matter of national concern. The other three are much 
less abundant, and notable deposits of them are items of earth resource 
of great importance. 

703. Nitrogen is the most abundant element in the air, and methods 
are now in use for transforming it into nitrogenous compounds by 
means of electric energy. Until recently, however, the principal world 

supply was from mineral sources. Most 
important of these were the surface deposits 
of the desert of Atacama, in northern Chile 
(Fig. 350). There, in areas of the salt-pan or 
playa type, are the accumulations of ages of 
seepage and surface evaporation. The valua¬ 
ble mineral nitrate of soda is intermingled 
with sand, common salt, and other substances 
from which it is separated by a simi)Ie manu¬ 
facturing process. So much in world demand 
was this mineral that, for many years, tax¬ 
ation upon its export was the principal finan¬ 
cial resource of the Chilean government, and 
the business of its extraction and shipment 
supported a considerable population in the 
midst of a desert and in several seaports. 

704. Potash is a component of many 
plant tissues and is obtained in small quanti¬ 
ties from the ashes of wood, seaweed, and 
other substances. The principal commercial 
sources are complex minerals containing potash which are found in 
beds like rock salt, with which they are in some places associated. The 
largest known deposits are located in western Europe, mainly in 
Germany and Alsace, where the greater part of the world’s present 
supply is obtained from mines 1,000 ft. or more beneath the surface. 

705. Phosphorus is present in certain rock minerals and from them 
is supplied to the soil. It is also an important constituent of the grains 
and other plant materials, but it is stored mainly in animal substances, 
especially in bones, animal manures, and fish. From these sources 
some is returned to the land as fertilizer. The principal mineral sources 
of phosphorus occur in the form of calcium phosphate, a rock. It is 
believed to have been formed from the alteration of limestone by 



Fig. 350. - -The location 
of the principal nitrate-of- 
soda deposits in the desert of 
northern Chile. {After Tmver, 
in Miller and Singewald^s 
** Mineral De/posits of South 
America,^') 
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the chemical action of groumd water which had passed through 
ancient accumulations of fish and bird remains. 

Valuable beds of phosphate rock usually occur as local pockets in 
limestone strata and are known to exist in several parts of the world. 
The location of those most used is as much related to the regions of 
consumption as to the extent and richness of the deposits. The principal 
sources of supply for the European market are located near the 
Mediterranean coast of Africa in Tunisia, Algeria, and Morocco. 
The United States is largely supplied from beds in western Florida 
and central Tennessee (Fig. 351). Other great reserves are known to 



Fig. 351.“ -Mining phosphatic limestone for its phosphorus content, in central western 

Florida. 

exist in the northern Rocky Mountain region of the United States, 
in Russia, Siberia, and some of the islands of the Pacific Ocean. 

Cultural Features Associated with Mineral Extraction 

706. Mining. Potential mineral resources or ore reserves have 
not usually any clear surface manifestations that make them obvious 
elements of the landscape. The features of material culture of greatest 
importance associated with mining are the materials extracted from 
the mines, their kind, quantity, and quality, and these are not always 
conspicuous. This is due to the fact that in many mining localities 
there is no important storage of the products. As soon as they are 
brought from the mine they are removed from the premises for smelt¬ 
ing, refining, and fabrication. Thereupon they become the raw mate¬ 
rials of manufacture and are no longer a part of the mining complex. 
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However, that is not always the case. In the Gulf Coast sulphur- 
producihg districts great stock piles containing hundreds of thousands 
of tons of gleaming yellow sulphur are a conspicuous reminder of the 
nature of the local resource. In some of the oil fields extensive tank 
farms store millions of barrels of oil awaiting shipment, and the dull 
red of ore piles marks the sites of some of the underground iron mines 
of northern Michigan. In general, however, mineral production must be 
visualized in terms of the number of tons of ore or coal or barrels 
of oil moving out by rail, truck, boat, or pipe line along various routes 
from the producing area. 

In many mining regions the most conspicuous features of mineral 
production are the top works of mines with their derricks, hoisting 
machinery, mills, powerhouses, loading sheds, and waste dumps 
(Figs. 331, 327). Quarries and open-pit mines likewise leave conspicu¬ 
ous scars upon the surface. Various of these in association represent 
the typical mining landscape. But, since most mining is done by 
xinderground shafts and tunnels, the excavation features are not so 
readily observable. They are nevertheless, even when underground, 
important cultural features. Their nature and extent often are a direct 
reflection of the history of local mining and of the problems and 
prosperity of the industry there. 

707. Mining Population and Settlements. The significance of 
mining in a region is reflected in various ways, especially by the 
percentage of the total working population that is employed in mining 
and similar industries, such as petroleum production. In the United 
States there are very few spots where that ratio exceeds 50 per cent. 
However, a map showing the distribution of mining centers by this 
means suggests some interesting facts (Fig. 352). For example, in 
western Pennsylvania, where miners are particularly numerous, there 
are so many other people employed in various industries that the 
percentage of miners to other workers does not generally exceed 20, 
and in only limited districts does it exceed 30 per cent. In Nevada, 
on the other hand, mining is shown to be an industry of the greatest 
local importance by the fact that in nearly half the state the proportion 
of miners to other workers exceeds 20, and in one large district it 
exceeds 40 per cent. This is clearly due to the fact that, although 
miners are obviously less numerous in sparsely populated Nevada 
than in densely peopled western Pennsylvania, the number of those 
employed in manufacture is still smaller by comparison. 

In mining settlements the miners’ houses and their arrangement 
in street patterns are conspicuous elements of regional character. In 
general they are not noted for the beauty of their appearance or the 



597 



Fig. 352. —This map shows the importance of mining to the people of several eastern and central coal, oil, and iron-ore 
regions, the positions and shapes of which may be recognized. It shows also that in arid Nevada the proportion of the 
total wage-earning population that lives by mining is higher than in any other state. 
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spaciousness or sanitation of their surroundings. It has been noted 
previously that a large part of the world’s mining industries arc 
conducted in regions of restricted physical environment. It is perhaps 
unavoidable therefore that mining settlements should fail to compare 
favorably with agricultural or commercial settlements in the same 
part of the world (Fig. 332, 340). 
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Supplementary Climatic Data for Selected Stations 

(T., temperature in degrees Fahrenheit; Rf., rainfall in inches) 
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Supplementaxy Climatic Data for Selected Stations.— 

{Continued) 

(T., temperature in degrees Falirenheit; ftf,, rainfall in inches) 



Jan. 

Feh. 

M ar. 

A-pr. 

May 

June 

July 

Aug. 

Sept. 

Oct. 

Nod. 

Dec. 

Year 

Range 

21. T. 

22 

25 

37 

51 

63 

72 

77 

75 

06 

55 

39 

27 i 

51 

55 

Rf. 

0.7 

0.9 

1.3 

2.8 

4.1 

4.7 

4.0 

3.2 

3.0 

2.3 

1.1 

0.9 1 

29.0 


22. T. 

82 

38 

46 

55 

63 

70 

75 

73 

60 

56 

44 

30 

55 

42 

Rf. 

2.4 

2.3j 

2.7 

3.4 1 

4.1 

3.3 

2.8 

3.2 

3.5 

4.7 

4.3 

,3.0 

39.8 


28. T. 

8 

14 

30 

47 

00 

71 

77 

75 

01 

48 

29 

14 

44 

68.4 

Rf. 

0.2 

0.3 

0.7 

1.1 

2.2 

3.4 

5.8 

5.3 

3.3 

1.5 

0.9 

0.2 

24.9 


24. T. 

- 4 

0 

15 

38 

52 

62 

66 

64 

54 

41 

21 

6 

35 

70 

Rf. 

0.9 

0.7 

1.2 

1.4 

2.0 

3.1 

3.1 

2.2 

2.2 

1.4 

1.1 

0.9 

20.2 


25. T. 

24 

23 

27 

38 

49 

57 

62 

59 

50 

41 

32 

25 

41 

39 

Rf. 

1.3 

1.1 

1.2 

1.2 1 

1.7 

2.0 

2.7 

2.8 

2.0 

2.1 

1.7 

1.6 

21.4 


26. T. 

„ 3 

2 

13 

30 

47 

59 

64 

59 

48 

32 

13 

2 

31 

66.9 

Rf. 

1.1 

0.8 

0.8 

0.7 

1.5 

2. 7 

3.0 

2.3 

1.4 

2.4 

1.4 

1.9 

20.0 


27. T. 

24 

24 

32 

40 

49 

58 

65 

65 

59 

49 

40 

29 

44 

44.7 

Rf. 

6.0 

4.7 

5.1 

4.6 

3.8 

3.8 

3.7 

4.6 

4.1 

5.5 

5.9 

5.5 

57.3 


28. T. 

8 

9 

18 

30 

41 

53 

00 

56 

40 

34 

22 

12 

33 

52 

Rf. 

0,9 

0.7 

0.8 

0.7 

1.2 

1.8 

2.4 

2.4 

2.2 

1.6 

1.2 

0.9 

10.8 


29. T. 

-23 

-11 

4 

29 

40 

57 

59 

54 

42 

25 

1 

-13 

23 

82.4 

Rf. 

0.8 


0.5 












SO. T. 

4 

- 2 

-2 











44 

Rf. 

1.4 

1.3 

1.1 






IB 



Hi 




Stations for which data arc given above: 

1. Georgetown, British Guiana 

2. Colombo, Ceylon 

8. Col6n, Canal Zone 

4. Saigon, French Indochina 

5. Darwin, Australia 
0. Mandalay, Burma 

7. Addis Ababa, Ethiopia 

8. Baghdad, Iraq 

9. Port Nolloth, Union of South Africa 

10. Monterrey, Mex. 

11. Astrakhan, U.S.S.R. 

12. Adelaide, Australia 

18. Capetown, Union of South Africa 

14. Algers (Algiers), Algeria 

15, Buenos Aires, Argentina 


16. San Antonio, Tex. 

17. Durban, Soutli Africa 

18. Bergen, Norway 
11). Valdivia, Chile 

20. Victoria, Can. 

21. Omaha, Neb. 

22. Milano (Milan), Italy 
28. Mukden, Manchuria 

24. Winnipeg, Con. 

25. Uppsala, Sweden 

26. Tomsk, U.S.S.R. (Siberia) 

27. Halifax, Can. 

28. Arkhangelsk (Archangel), U.S.S.R, 

29. Dawson, Can. 

80. Spitsbergen 
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Map Projections 

The Natuhe of AIap Projections. The term map projection commonly 
is used in a rather broad sense, since many projections, so called, are more 
truly iriathemati<*al devices, and only a few are true perspective projections. 
The nature of the latter may be understood readily if one imagines a hemi¬ 
spherical basket of wire so constructed that the wires represent the parallels 
and meridians of the earth. The shadow of such a grid cast upon a plane 
touching it at a single point (tangent plane) is called a perspective projection 
because tlie observer appears to be looking through the grid. The spacing of 
the shadow lines obviously may be changed, and the resulting projection given 
different properties, by shifting the position of the light that casts the shadow 
to different distances from the point at which the plane is tangent to the wire 
grid. In certain projections the shadow is supposed to be cast not upon a plane 
but upon a tangent cone or a tangent cylinder, either of which is then developed 
into a plane. Many other “projections,’* and often more useful than those of 
the perspective class, have been devised by different scholars through mathe^ 
matical computations, mainly within the last two centuries. 

Some map projections are constructed so that they represent the shapes 
of earth features properly as compared to their shapes on a globe. Others 
represent areas so truly that all parts of the map are in proper areal relation 
to the globe. It is impossible for any projection that includes a considerable area 
to accomplish both these objectives; some accomplish neither. A projection on 
which the shape of any small area of the earth is truly rendered is called a 
conformal projection. One on which the ratio of areas is constant^ between the 
globe and any part of the map is called an equal-area^ or equivalent, projection. 
There are certain equal-area projections which, in achieving equality of area, 
produce gross distortions of the shapes of parts of the areas they show. All do 
so to some degree. Conversely, conformal projections in securing proper 
shapes do violence to the comparability of areas within the map. The name 

^ Areas are in constant ratio when the area of any quadrilateral included between 
two parallels and two meridians on a map has the same size relationship to the area on 
the earth that it represents that any other quadrilateral on the map has to the earth 
area that it represents. 
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of the projection employed usually will be found below each map in any 
scientific atlas, and often also a statement telling whether it is of the conformal 
or the equal-area type. 

Some projections have an added quality: that of sliowing compass direc¬ 
tions properly all ways from the center of the map. Such a projection is called 
azimuthal or sometimes, for no very good reason, “zenithal.” One of these 
descriptive words may be coupled with one of tliose indicated above and with 
the name of its originator, to make the com])lete name of the projection, as, 
for example, the “Lambert azimuthal equal-area projection.” 

In order that the qualities of a few of the more commonly used projections 
may be understood they are here explained briefly and illustrated, together 
with some that are less used but are in striking contrast with them. 

Maps of ttik Whole Earth 

Mercator's projection, which is commonly used for maps of tlie world, 
may be understood better by first examining two otlier contrasting projections 



mmmm^SSSk 

■ 



■ 

m 


i9S 

% 



'Mm 

% 

m 

m 

■■ 

m 

m 

M 

■ 

MM 

■■ 


So 



w. 

y/. 

w, 

w. 

7A 

wyZ 

wry. 

VyYA 

yy. 

w. 

7A 

ss? 

ww 

VA 

"^4 

m 

liirii 

MM 

■■ 

s 



■ 



■ 

■ 




:€l 

a 

mm 

m 

■ 

■ 


% 

% 



7/ 


',4 


82? 

88; 


■ 

■ 

■■ 




















% 


'm 

% 


i 


I.'? 



■ 

■ 

■■ 

i 


cSIgSSSHi 

■ 



■ 

■ 


■ 

■ 

■1 

■i 



■ 

■ 

mm 


'yy 

m 

my. 

% 

■ 

■ 

mm 









iSSSSSSV 












% 



■■ 

m 

m 


m 

m 

■ 

■ 

■■ 

■ 





mm 

■ 















e? 

m 

■■ 

■ 

■ 

[i8 

m 

r 

■ 

■ 

■■ 

■ 

■ 

mm 

!a! 

51 

■■ 

■ 


uvwaswj 

■ 



■ 

■ 


■ 

■ 

■1 

■ 

my/. 



■ 

■■ 

■ 

■ 

n 

mA 

u 

■ 

■ 

■■ 

■ 

■ 

T/y/y 

7A 

7a 

mm 

■ 


■mwwrji 

■ 



■ 

■ 


■ 

H 

■1 


my/. 

'id 

■ 

■ 

■■ 

■ 

M 

Mi 

mHI 

m 

M 

■ 

■■ 


■ 


M? 

V/. 

mm 

n 



■ 



m 

■ 




Ml 

H 

mt'jd 




MM 

M 












■J 

mm 



Fig. a .—A cylindrical equal-area project ion. 


between which it effects a compromise. Figures A and B show forms of projec¬ 
tion in which the shadow of the imaginary basket grid of the earth is cast by 
lights located at different points. These shadow^ patterns give the spacing for 
the parallels upon tangent cylinders. In Fig. A the position assumed by the 
light is at an infinite distance so that its rays are parallel. The result is an 
equal-area projection but one in which the shapes of areas in high latitudes 
are so stretched out east and west and so shortened north and south that they 
look very odd—so odd, in fact, that the projection is little used. At the opposite 
extreme is Fig. B. In this one the shadow-casting light is assumed to be at the 
center of the basket grid. In this projection also there is a great east-west 
expansion in high latitude but a still greater north-south expansion. It is 
neither equal-area nor conformal. 

The contrast between these two makes clear the nature and purpose of 
Mercator’s projection (Fig. C), first published in 1569. In it the converging 
meridians of the globe are represented as parallel lines spaced as they are 
at the equator. This obviously involves a rapid east-west expansion with 
increase of latitude. To balance that distortion the positions for the parallels 
of latitude are mathematically computed to produce north-south expansion 
which shall increase at the same rate as the east-west expansion. The result 
is a conformal projection; f.c., any small area, like a bay or a peninsula, is 
shown with practically its true shape. Large ai^eas, however, are distorted 
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both in size and shape by the constant change of scale from place to place. 
Indeed, the scale of miles sometimes printed with this very common form 
of map is of little use outside the equatorial region, where the distortion of 
area is small. The expansion of the grid of this projection is a serious defect 
in a map for educational use, since it causes land areas in high latitudes to 
appear vastly larger than they really are in comparison with those near the 
equator. 



Fig. B .— A central-perspective cylindrical projection. 
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Fig. C. —Mercator’s projection. 


In addition to its conformality Mercator’s projection has another quality 
that recommends it, especially to navigators. Straight lines drawn upon it 
show constant compass directions. For example, a straight line drawn at an 
angle of 45° to the right of a meridian on this projection trends northeast 
throughout its length. This is most useful for plotting ship’s courses. The 
shortest distance between any two commercial ports follows the arc of the 
great circle of the earth passing through those ports, but that is a hard course 
to steer because the compass direction at any given point on the course is 
different from that at every other point, and the ship’s course must be gradually 
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but continuously changed. In practice, such a course is approximated by 
plotting on Mercator’s projection a series of short straight lines (rhumb lines) 
which follow the general direction of the great circle but along each of which 
the compass direction remains constant. 

The Oval Projections and Their Combination. The projections 
described above portray the entire earth on one or another form of rectangu¬ 
lar grid. There is another group of projections whicli mainly are oval in 
form, having their polei^ shown as points instead of lines as long as the equa¬ 
tor. Figures D, E, and F show the plans of three of these. All three are equal- 
area projections, but they differ slightly in other respects. All are developed 
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Fig. /).—Mollweide’s honiolographic projection. 



Fig. Fj. — The Sanson-Flamsteed sinusoidal projection 


on polar axes that are one-half the length of the equatorial axis, whidi is the 
proper ratio of the length of the equator to the distance from pole to pole. 
In Mollweide’s homolographic projection (Fig. D) and the sinusoidal projec¬ 
tion (Fig. E) the meridians are equally spaced, as they are on a globe, and the 
parallels are truly parallel, as they also are on a globe. The difference between 
the two is in the shapes of their meridians and in the spacing of their parallels. 
Both of them di.stort shapes, especially near the margins of the maps and in 
high latitudes, but to slightly different degrees in different places. Aitoff^s 
projection (Fig. F), while keeping equality of area, secures slightly better 
.shapes by decreasing the spacing of the meridians from the center of the map 
outward and by using curved parallels. There are other projections of this 
general type. 

In recent years also certain modified forms of projections in this group 
have appeared. They are characterized by interruptions of continuity for 
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the purpose of having more than one central or principal meridian, near 
which there is the least distortion of shape. Goode's homolosine projection 
(Fig. G) is one of these. It is made by combining the sinusoidal projection 
(from the equator to latitude 40°) with Mollweide’s projection (from 40° 
to the pole). Since it is composed of equal-area projections, it also has that 
quality. In addition, a proper selection of the meridians to he repeated as 
principal meridians causes each continent to appear as if it were in the center 
of the original projection where shapes are very good. The form of Aitoff s 
projection used in the plates accompanying this volume employs the principle 
of interruption also. Offsetting these two desirable properties (equality of area 



Fig. F .—Aitoff’s projection. 



Fig. G. —Goode’s homolosine projection. 


and a fairly good shape) is the necessity for the eye of the observer to bridge 
the gaps in the grid caused by the interruptions. Equal-area projections of the 
entire earth’s surface are of great value for the purpose of showing the world 
distribution of economic data or other |phenomcna of any kind that require 
areas to be shown in their true proportion to one another. 

In the first of the above groups of projections the earth poles (if they 
can be shown) are represented by lines as long as the equator. In the second 
group they are represented by points, the meeting places of all the meridians. 
In certain other projections neither of these conditions is fulfilled, the poles 
being represented by lines, not points, but by lines less long than the equator. 
In some of the projections of this latter group the positions of the parallels 
are computed so that the resulting grids are equal-area or equivalent. One of 
several such projections is employed for the maps of the world shown in Figs. 
24, 25, and others of this book. 
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Maps of Hemispheres and Similar Areas 

Perspective Projections. The front of nearly every atlas contains 
maps of the hemispheres, or of the polar areas, which are circular in outline. 
These are constructed according to any one of several schemes of projection. 



Fig. //.—The orthographic projection; the manner of obtaining the spacings of its 
parallels and meridians, and segments of its meridional and polar forms. 


Fig. 




/.—The stereographic projection; the manner of obtaining the spacings of its 
parallels and meridians, and segments of its meridional and polar forms. 


more or less used<. Some of them have properties of peculiar value. Among them 
are perspective projections which are derived as if by projecting the shadows 
of the wire-basket grid upon tangent planes, just as in Figs. A and B they were 
cast upon tangent cylinders. Map grids constructed by these methods may take 
either the polar or the meridional form, and the illustrations show quadrants 



APPENDIX B 


609 


in each, together with the mode of obtaining the spacings of the meridians 
and parallels. 

The orthographic projection (Fig. H) shows great compression about its 
margin but expansion of areas in its center and gives the appearance of looking 
into a bowl. It is much used for star charts of the heavens but not much for 
maps of the earth. The atereographio projection (Fig. 7) shows a spacing of lines 
just the reverse of the preceding. It is a conformal projection and renders the 
shapes of limited areas accurately but 
greatly distorts the relative areas of 
different parts of the surface shown. 

Still more extreme in its marginal ex¬ 
pansion is the gnomonic projection 
(Fig. J), In fact, the expansion of the 
latter is so great that no large part of 
a hemisphere can be shown by it, and 
on it both shapes and areas are so 
distorted that it has no value for 
showing either the shapes or the sizes 
of regions. It has, however, one 
unique quality that gives it a place 
among the valuable projections. On 
it every arc of a great circle of the 
earth is rendered as a straight line, 
and, conversely, every straight line 
drawn on the projection is an arc of a 
great circle. This is a most useful 
device for plotting great-circle 
(shortest possible) air or ocean 
routes. Because most lines that would 
be drawn upon this projection 
for the purpose of locating sail¬ 
ing courses would cut parallels and meridians at various angles, compass 
steering by it is not easy. For that reason the significant points of latitude 
and longitude on the course usually are transferred from the gnomonic to a 
Mercator’s projection and are connected by a series of short straight lines, as 
previously indicated. This approximates the great-circle route and makes 
steering much simpler. Lamherfs azimvthal equal-area projection (Fig. K) illus¬ 
trates the manner of constructing another of the hemispherical projections, 
which, however, is not of the perspective type. The spacing of the parallels or 
meridians from the center of the map is proportional to the chord distance of 
the arc of the number of degrees of earth circumference represented by the 
position of the line. This spacing gives the projection qualities the reverse of 
those of the stereographic. It is equal-area, azimuthal (i,^„ all points have their 
true compass directions from the center of the map), and the distortion of 
shapes, while considerable about the margins, is not great near the center of the 
projection. This valuable device commonly is used to show the hemispheres 



Fig. J .—The gnomonic projection; the 
manner of obtaining the basic spacings of 
its grid, and segments of its meridional and 
polar forms. 
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in school atlases. The principle employed in it, when expanded to include 
the whole earth, underlies the construction of Aitoff’s projection (Fig. F), 



Fig. K. —^Lambert’s azimuthal equal-area projection; the manner of obtaining 
the spacing of its parallels and meridians, and segments of its meridional and polar 
forms. 


The Conical Projections 

Forms of Conical Projection. It has been noted previously that grids 
of various forms may be projected upon tangent cones as well as upon tangent 
cylinders and planes. Some forms of conical projection are truly perspective 
in type, some of even greater value are mathematically derived, whereas 
still others are obtained only by modification of one or more of the basic 
characteristics of the conical group. 

To understand the simple form of the conical projection, imagine a large 
paper cone set down upon a globe with its apex directly above the pole of 
the globe. The cone is tangent to the globe along the entire circumference 
of some selected parallel, which is called the standard parallel. Because this 
parallel is everywhere equally distant from the apex of the cone, it becomes 
an arc of a circle when the cone is opened out into a plane surface, and all 
other parallels become arcs of concentric circles (Fig. L). Lines drawn on the 
surface of the cone from the apex through selected points on the standard 
parallel become the meridians of the map and always are straight lines radi¬ 
ating from the common center. Meridians that are radial straight lines and 
parallels that are arcs of concentric circles always indicate one of the several 
forms of the true conical projection. 

In the simple form of the conical projection the scale of the map is true 
only along the standard parallel. North or south of that parallel the longi¬ 
tudinal distance expands rapidly, and the scale does not apply. Much greater 
area may be brought within the range of reasonable distortion if the map be 
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constructed on two standard parallels instead of one. This is done by making 
the cone secant to the globe rather than tangent to it (Fig. M). By careful 
choice of position for the standard parallels an arrangement of lines may be 
had which, over a wide band of latitude, produces surprisingly little distortion. 
By mathematical adjustments of the exact positions of the parallels the distor¬ 
tions may be restricted either to the shapes or to the areas of the features 
shown. Thus both equal-area and conformal types of this projection exist. 




Such are the Lambert conformal conic projection and the Albers equal-area 
projection, each with two standard parallels. The latter is particularly good 
for showing an area, like the United States, which has a greater east-west than 
north-south dimension. By proper selection of the standard parallels a map of 
the United States may be made in which the maximum scale error, which is on 
the northern and southern margins, is only a little more than 1 per cent. The 
map is, therefore, by construction equal-area and, for so large a region as the 
United States, very nearly conformal. The map of the geology of the United 
States, prepared by the United States Geological Survey in 1932, utilizes this 
excellent projection. 
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Modified Forms of Conical Projection. Several forms of projection 
adopt the basic principles of conical projection but, by modification of them 
in one way or another, produce grids having somewhat different qualities. 

One of these is Bonne’s projection, much 
used in atlases for maps of some of the 
continents (Fig. iV). In this projection 
all parallels are arcs of concentric circles, 
as they are in the truly conical pro¬ 
jections, and they are spaced in their 
proper positions relative to those on the 
globe. The meridians, however, are not 
straight lines but curves which converge 
at the pole and pass through points on 
the parallels that are spaced in true 
proportion to their spacing on the globe. 
Thus every quadrilateral of the grid has 
its true proportional length and breadth 
as compared with that quadrilateral on a 
globe, and the projection is equal-area. 
It gives good shapes near the principal 
meridian of a map, but distortion of 
shape increases rapidly with distance east 
or west. The projection is most properly 
used, therefore, for a land area, such as the continent of North America, 
having its greater dimension north and south rather than east and west. 

Another modified form of conical projection often is used as a basis of 
detailed surveys, such as the United States topographic maps or the Inter¬ 
national Map of the World on a scale of 1:1,000,000. This projection is called 
polyconic (meaning many cones) (Fig. 0). It is 
drawn as if many cones of different taper were 
fitted upon a globe, each tangent on a different 
parallel. The parallels of this projection are arcs 
of circles, as in all conical projections, but not, as 
in the others, arcs of concentric circles. The 
meridians, except a central one, also are curved. 

Compromise Projections. Among the scores 
of map projections that have been devised some 
are fanciful in the extreme or have only single or 
very limited uses. Others make no claim to 
scientific value but are easily understood and 
generally useful, since they compromise between 
the distortions of shape, common in equal-area projections, and the distortions 
of area, usual in conformal projections. One such is the Van der Grinten 
projection of the earth, which has qualities intermediate between those of the 
Mercator and Mollweide projections. Another is the familiar globular pro¬ 
jection of the hemispheres. 




Fig. N. —Bonne’s projection. 




Appendix G 

American Systems of Land Survey' 


Township and Range System. Over a large part of the United States 
the basic subdivision of the land follow^s a system of survey adopted by the 
United States government in 1785. It was applied especially to the region of 
the Great Lakes, the Mississippi Valley, and the western states. By this sys¬ 
tem public land and rural property are described and their ownership deter- 



Fia. A, 


mined in relation to a network of north-south and east-west lines. These 
include selected meridians, which are called principal meridians, and base lines 
and correction lines (Fig. A), Their use has the effect of dividing the land into 
essentially rectangular blocks. The location of these blocks is indicated by 
numbered townships and ranges. The ranges are north-south strips of land 
6 miles wide, and they are numbered east and west from the nearest or most 
convenient principal meridian. In Wisconsin, for example, the controlling 

^ Adapted from Appendix F., Bull. 36 of the Wisconsin Geological and Natural 
History Survey. Illustrations by courtesy of E. F. Bean, Director. 
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line is the 4th principal meridian, the Ist being in eastern Indiana, and there 
are 30 ranges east and 20 west of it (Fig. B), The ranges are divided into town¬ 
ships by east-west lines at intervals of 6 miles, beginning at a selected southern 
boundary. In Wisconsin, this is the Ulinois-Wisconsin state line. Thus a range 
consists of a north-south tier of townships each of which is supposed to be 


PRIM. 

MERIDIAN 



6 miles square. There are 53 townships in the longest range in Wisconsin. By 
this system any township can be located by reference to its township and 
range numbers, e.g,^ township 7 north, range 9 east. This is usually written 
T. 7 N., R. 9 E. Owing to the fact that the meridans converge toward the 
north certain corrections and allowances must be made. Other factors require 
allowance also, such as a base line which is not true east-west, errors in sur¬ 
veying, and the presence of lakes or streams at critical points. The four cor¬ 
rection lines for Wisconsin are shown in Fig. B. 
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The organized, or municipal towns into which counties are divided 
are units of political administration, and they may or may not coincide with 
government townships, which are for purposes of location. In thinly settled 
districts the civil towns often are much larger and may include two or more 
government townships or parts of townships. In other areas one government 
township may be divided into two or more small civil towns. Using Dane 
County, Wisconsin, as an illustration w^e note that most of its civil towns are 
also government townships, but this is not true of the two nortliwesternmost 
towns of Black Earth and Mazomanie (Fig. C). There the corner of the county 



is not rectangular, owing to the presence of the Wisconsin River. The bound¬ 
aries of civil towns also are subject to change by appropriate legislation, but 
the government townships remain. 

Every government township is divided into 36 sectiom^ each 1 mile square. 
The sections are numbered, beginning at the northeastern corner and ending 
at the southeastern, as is shown in the northeastern township in Fig. C. The 
locations of the township and section corners are supposedly marked by a 
stake, stone, mound, tree, or other device, but too often these are impenna> 
nent features and are now difficult to locate. Since each section is 1 mile square, 
its area is 640 acres. For purposes of more detailed location and description 
the section is divided into quarters, each containing 160 acres, and the quarter 
sections are further divided into quarters of 40 acres each (Fig. Z>). These are 
commonly called “forties.” The quarter sections are indicated by the points 
of the compass, and so also are the forties. To describe and locate a given forty, 
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tJierefore, one might say that it is the NEJ of SWJ of Sec. 31, T. 18 N., R. 9 E. 
Such a location is almost as precise as if it were given in latitude and longitude, 
and it tells also the area of the parcel of land in question. 

Metes and Bounds. In the Atlantic Coast states and certain others the 
original land grants and surveys were made prior to the adoption of the town¬ 
ship and range system of survey. In those states parcels of land are described 
by a system known as “metes and bounds.’’ In that system an arbitrary point 
is taken, such for example as a projecting rock, a tree, or some significant 
point on the bank of a river or lake. The property is then bounded by lines 



Feet 
Fig. D , 


run in a given compass direction for a certain distance, then in another direc¬ 
tion for a specified distance, and so on around to the point of beginning. This 
system has often led to conflict over property lines because after a time the 
tree, stone or other arbitrary beginning point has been lost or its location has 
changed. Moreover, the stated distances were sometimes measured inexactly, 
as in parts of Texas, for example, where some of the early Spanish land grants 
are said to have been measured in terms of the length of a lariat rope or of 
how far a horse could walk in a given time. Such lines often did not surround 
rectangular parcels of land, and seldom did the plots of land have any con¬ 
sistent pattern of shape with respect to the cardinal compass directions. 

This lack of coordination is plainly apparent in the road patterns to be seen 
in detailed maps of New England, Texas, and other states. In some North 
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American localities the present small parcels of land are subdivisions of grants 
made by the kings of England, France, or Spain to noblemen or to the spon¬ 
sors of settlement projects. In French Canada, for example, the present farms 
often are rectangular but are very long and narrow, their narrow frontage 
being upon a river and their length extending at right angles from the river, 
regardless of compass direction. Some of the counties of the Province of 
Quebec may be seen to have the same sliape. They were established at a time 
when river frontage was a most prized possession but the land of the interior 
had little value. Various systems more or less like that of metes and bounds 
are prevalent in most of Europe and, in fact, in the larger part of the world. 
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A Selected List of United States Topographic Quadrangles 

The topographic quadrangles indicated below have been selected from 
those published by the United States Geological Survey because they illustrate 
in map form certain of the landforms discussed in the text. Some of the sub¬ 
jects discussed, ice-scoTired plains, for example, do not find clear illustration 
in any of the United States Topographic Quadrangles now published and are 
therefore omitted from the list. 

Certain of the maps named below may be used to illustrate more than 
one class of features, and their names are repeated. Such maps are indicated 
by the asterisk. In some instances two or three adjacent quadrangles are 
required to show adequately the extent of the feature in question. Such are 
indicated as a series by being listed in series. 

These topographic quadrangles may be obtained from the United States 
Geological Survey, Washington, 1). C. In the following list, sheets of sizes 
other than standard are marked ** (speciaT).'' 


Plains of Stream Degradation 


Newly emerged plains; 

Bladen and Everett City, Ga. 

Cambon, Fla. 

Chicora, S. 

Moniac, Ga.-Fla. 

Higher and better drained coastal plain: 
Bamberg, S. C. 

Forest, Miss. 

Springhope and Rocky Mount, N. C, 
Plains with cuesiaform ridges and escarp^ 
ments: 

Blanchardville and Blue Mounds, Wis 
Epes, Ala. 

Fond Du Lac and Neenah, Wis. 
Kendall and Mauston, Wis.* 

Llano, Tex.* 

Nashville, Tenn.* 

New Boston and Linden, Tex. 


Niagara, N. Y. 

Pelahatchie and Morton, Miss. 
Knobs and 07 itliers on cuestaform plains. 
Big Clifty, Ky.* 

Franklin, Tenn. 

Kendall and Mauston, Wis.* 

Llano, Tex.* 

Nashville, Tenn.* 

Young plains (mainly in glacial drift): 
GUlespie, Ill.* 

La Salle, HI.* 

Macon, Mo. 

Paulding, Ohio* 

Ray, N. D.* 

Rough, maturely dissected plains: 

La Farge, Wis. 

Newcomerstown, Ohio 
Nortonvifle, Ky. 


618 




APPENDIX D 


619 


Dissected river bluffs (river breaks); 
liay, N. D,* 

Porcupine Valley and Spring Creek, 
Mont. 

Old-age plain: 

Mount Carmel, Ill.-Ind. 

Owensboro, Ind.-Ky. 

Peneplains with monaxinoeks: 

Atlanta and Marietta, Ga. 


Gastonia, N. C. 

Kings Mountain, N. C. 
Karst plains: 

Big Clifty, Ky.* 
Interlachen, Fla. 
Mammoth Cave, Ky. 
Princeton, Ky. 
Williston, Fla. 


Plains of Stream Aggradation 


Delta margin: 

East Pella, La. 
Tirabalier, La. 

Narrow levees: 

Bayou de Large, La. 
Pt. a la Ilache, La. 
Quarantine, La. 

Shell Beach, La. 

Wide levees: 

Baton Rouge, La. 
Donaldsonville, La. 
New Orleans, La. 

Wide alluvial floodplains: 
Bayou Sara, La. 
(^larksdale. Miss. 
Marks, Miss. 
Memphis, Tenn.-Ark. 
Vicksburg, Miss. 
Narrow flood plains: 
Chester, III. 


Gays Mills, Wis. 

Ogallala, Neb.* 

Prairie du Chien, Wis.* 

Alluvial terraces: 

East Cincinnati, Ohio 
Malaga, Wash., 

Prairie du Chien, Wis.* 

Tarboro, N. 

Alluvial fans and piedmont alluvial plains: 
Cucamonga and San Bernardino, Calif. 
Levis, (^alif. 

Pacoima and Simland, Calif. 

Whittier, Calif. 

Plains of older alluvium: 

Assinniboine, Mont. 

Colorado Springs, Colo. 

Eaton, Colo. 

Sanborn, Colo. 

Vilas, Colo. 


Glacial Drift Pl.mns 


Till plains (younger drift): 

Poorly drained 
Chokio, Minn. 

Lansing, Mich. 

Neshkoro, Wis. 

Well-drained 
La Salle, Ill.* 

Slater, Iowa 
Upper Sandusky, Ohio 
With drumlins 
Boston, Mass.* 

Clyde and Weedsport, N. V. 
Palmyra, N. Y. 

Sun Prairie and Stoughton, Wis. 
With eskers 
Fowlerville, Mich. 

Hives Junction, Mich.* 


St. Francis, Minn. 

Till plains (older drift): 

.\lbia and Pella, Iowa 
Gillespie, Ill.* 

Till plains (relief controlled by bedrock 
features); 

Baraboo, Wis. 

Stonington and Moosup, Conn. 
Youngstown, Ohio 
Marginal moraines: 

KetUe-moraine regions (large area) 
Pelican Rapids and Vergas, Minn. 
Kettle-moraine belts (with associated 
pitted outwash plains) 

Rives Junction* and Stockbridge, 
Mich. 

Schoolcraft, Mich. 
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St. Croix Dalles, Wis. 
Wliitewater, Wis. 
Lake plains (glacial): 
Detroit, Mich. 


Fargo, N. D.-Minn. 
Paulding, Ohio* 
Ridgeway, N. Y. 


Eolian sand plains: 
Brown, Neb. 

Lakin, Kans. 

North Platte, Neb. 
Ogallala, Neb.* 


Plains in Dry Climates 

Loess plains (stream eroded): 

Omaha and Vicinity, Neb. and Iowa 

(special) 

Red Cloud, Neb. 

York, Neb. 


Shore Features of Plains 


Ria shorelines: 

Bath and Boothbay, Maine 
Boston, Mass.* 

Choptank, Md. 

Kilmarnock, Va. 

Deposited shore features: 

Offshore bars: 

Atlantic City, Sea Island, and 
Barnegat,* N. J. 

Lopena Island and Saltillo Ranch, 
Tex. 


Spits and hooks: 

Cape Henlopen, Del.* 

Erie, Pa. 

Provincetown, Mass. 

Sandy Hook, N. Y. 

Shore dunes: 

Barnegat, N. J.* 

Cape Henlopen* and Reheboth, Del. 
Fenville, Mich. 

Three Oaks, Mich. 


Dry-plateau Features 


Plateau valleys and- escarpments: 

Abajo, Utah* 

Bisuka, Idaho 
Bright Angel, Ariz. 

Diamond Creek, Ariz. 

Escalante, Utah 

Hanford and Scooteney Lake, Wash. 
Henry Mountains, Utah* 

Kanab, Utah 


Mesas and buttes: 

Mesa de Maya, Colo. 
Mount Trumbull, Ariz. 
Raton, N. M. 

Tascotal Mesa, Tex. 
Plateau holsons: 

Carson Sink, Nev.* 
Cienega Springs, N. M. 
Disaster, Nev.* 

Silver Peak, Nev.* 


Hill Lands 


Stream-eroded hills in horizontal strata: 
Arnoldsburg, W. Va. 

Bald Knob, W. Va. 

Confluence, Pa. 

Fayetteville, W. Va. (plateau features) 
Parkersburg, W. Va.-Ohio 
Badlands: 

Rock Springs, Wyo. 

Hills in folded sedimentary strata: 

Hyndman, Pa. 

MUlersburg, Lykens, and Pine Grove, 
Pa. 


Mount Union, Pa. 

Winding Stair, Okla. 

Hills in complex rocks: 
Asheville, N. C.-Tenn, 
Knoxville, Tenn.-N. C. 

Hills in areas of linear faulting: 
McKittrick, Calif. 

Priest Valley, Calif. 

Sftn Mateo, Calif. 

Glaciated hill lands: 

In crystalline rock 
Allagaih* Maine 
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Bolton, N. Y. In horizontal strata 

Greenlaw, Maine Bath and Hammondsport, N. Y. 

Mountains 


Volcanic peaks: 

OaterLake National Park, Ore. 

Lassen Volcanic National Park, Calif. 
Maiden Peak, Ore. 

Mount Hood, Ore. 

Mount Rainier National Park, Wash.* 
Laccolithic mountains: 

Abajo, Utah* 

Fort Benton, Mont. 

Henry Mountains, Utah 
FaulUhlock mountains: 

Ballarat and Furnace Creek, Calif. 
Carson Sink, Nev.* 

Disaster, Nev.* 

Sequoia and General Grant National 
Parks, Calif, {special)* 

Silver Peak, Nev.* 

Mountain foothills of the hogback-ridge 
type: 

Boulder, Colo. 


Loveland. Colo. 

Rapid, S. D. 

Glaciated mountains: 

Glacier National Park {special) 
Hamilton, Mont. 

Hayden Peak, Utah. 

Mount Rainier National Park, Wash.* 
Sequoia and General Grant National 
Parks, Calif, {special)* 

Emerged highland shore features: 

La .Tolla, Calif. 

San Diego, Calif. 

San Luis, Calif. 

Santa Ana, ('alif. 

Solstice Canyon and Las Flores, Calif. 
Fiords: 

Reconnaissance Map—Alaska Railroad, 
Seward to Matanuska Coal Field 
{special) 

Takoma and Snohomish, Wash. 
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PRINCIPAL SUBDIVISIONS OF EARTH HISTORY AND SOME OF ITS EVENTS 
AS THEY ARE RECORDED IN THE ROCKS OF NORTH AMERICA 
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INDEX 

Pages on which illustrations appear are in boldface type. 




A 

Abrasion. 278. 294; wind, 299, 879 
Absolute humidity, 99 
Acacia trees, 503 
Acid soils, 524 

Adiabatic cooling, 101-102; cloud and rain 
stage, 108-104; dry stage, 102; re¬ 
tarded stage, 108; snow and ice stage, 

104 

Adirondack Mountains, ice-scoured hills 
in, 428; iron ore in, 5HS 
Advection fog, 101 
Aeolian sand plains, 880 
Africa, continental plateau of, 404; min¬ 
eral regions of, 589 
Agents, gradational, 275 
Aggradation, 268, 275, 279; by running 
water, 288 
Agonic line, 17 
Air drainage, 49-60 
Air in the soil, 525 

Air masses, 45, 115-122; Asiatic, 122; 
classification of, 117; classification of 
for North America, 118; continental, 
117; equatorial, 75-76; European, 
122; maritime, 117; North American, 
117-122; polar, 117; Polar Atlantic, 
120; Polar Continental, 119; Polar 
Pacific, 120; relation to winds, 74; 
source regions, 115; source regions in 
North America, 119; tropical, 117; 
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tropical Gulf, 120-121; tropical 
I’aeific, 121; tropical superior, 122 
Aitoff’s projection, 607 
Alabama Black Belt, 811 
Alabama iron ores, 588 
Albemarle Sound, 896 
Aleutian low, 62, 80, 141 
Alkali flats, 879 
Alkali-tolerant vegetation, 514 
Alkali waters, 467 
Alkaline soils, 524 

Allegheny-Cumberland bill region, 418 
Allegheny Front, 419 
Alloys, 577 

Alluvial basins, 877; plains of, 848 
Alluvial fans, 290, 840, 878; irrigation of, 
476; soils, 548 
Alluvial plains, 825 
Alluvial terraces, 338, 366 
Alluvium, 288 
Alpine meadows, 460 
Alps, 449 

Alps, The, 486; lakes in, 450 
Alta piaiuira, 846 
Altiplaiio, 408 
Aluminum, ore of, 587 
America, drift plains of, 367 
American oil and gas fields, 570 
American systems of land survey, 613 
Animal life, 483-484; of the sea, 517-519; 
in tropical rainforest, 492; in tundra, 
516-517 

Annuals, 485; in deserts, 514 
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Antarctic Circle, 13 
Antarctic glacier and plateau, 412 
Anthracite coal, 556; region of, 560 
Anticlinal mountains, 267 
Anticyclones, 111-'140; appearance of, 
113-114; movement of, 114-115; 
nature of, 113; precipitation in, 130; 
size, 114; temperature in, 132-135; 
wind system in, 129 
Antitrades, 72 
Appalachian coal field, 560 
Appalachian oil region, 571 
Appalachian ridge-and-valley region, 422 
Aral Sea, 379 

Arches, structural, 312, 319 
Arctic Circle, 13 

Argentina, lakes in, 450; loess in, 384 
Arid land deltas, 332 
Artesian structures, 474 
Artesian wells, 473 

Asia, coal in, 566; eastern, hill region of, 
427; southern, oil fields of, 575 
Asphalt, 571; lake of, in Trinidad, 574 
Atmosphere, absorption of insolation, 42; 
composition of, 29-30; cooling of, 42- 
45; cooling by expansion, 45; general 
circulation of, 71-73; heating of, 42- 
45; heating by compression, 45; 
heating by conduction, 42-43; heat¬ 
ing processes, 42; middle latitude 
circulation of, 73; polar circulation 
of, 72-73; tropical circulation of, 72 
Atmospheric heat, source of, 30 
Atolls, 398 

Australia, artesian basin of, 474; coal in, 
668; sand hills of, 381; youthful 
plateau-hill region of, 425 
Azimuth, 17 
Azonal soils, 531 

B 

Backing wind shift, 128-129 
Badlands. 316, 410, 419 
Bai-U rains, 147 

Banks, as fish feeding grounds, 517 
Barograph tracing, 187,188,162 
Barometric slope, 66 
Barrier reef of Australia, 898 
Bars, offshore, 303 


Basalts of the Columbia Plateau, 406 
Base lines and principal meridians of 
United States, 618 
Baselevel, 285 
Basic rocks, 257 
Basin Ranges, 410 

Basins, alluvial, 377; structural, 312, 319 
Batholitlis, 270 
Bauxite, 587 
Bay bar, 393 

Bay of Fundy, Nova Scotia, tides in, 401 
Bays, 308 

Beach ridges, 371, 372 
Beaches, 393, 453 
Beaufort scale of winds, 68 
Bedding planes, 257 
Belted coastal plains, 309 
Bench marks, 25 
Bending, crustal, 267 
Benguela Current. 91 
Bessemer process, 582 
Biologic factor in soil development, 530 
Biotic resources, 483-519 
Birmingham, Ala., industrial region of, 
683 

Bituminous coal, 556 
Black Hills, 426 
Blizzard, 224-225 
Bluegrass region, 320 
Blue Ridge Mountains, 425 
BoLsons, 378; plateau, 410 
Bonne’s projection, 612 
Boston Bay, 397 
Boston Mountains, 419 
Bottle-neck harbors, 398 
Borax, 379 
Boulder clay, 294 
Boulders, 363 
Braided channels, 376 
Brazilian iron-ore reserves, 584 
Breakers, 297 
Breaks, river, 313 

Broadleaf forest, 498-503; definition of, 
489 

Brown coal, 556 
Bryce Canyon, Utah, 409 
Bunch-grass steppe, 512-513 
Buran, 224 

Bushwood, definition of, 487 
Buttes, 410 
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C 

Cacti, 514 

Calcium phosphate, 594 
Caldera, 439 

California, Great Valley of, 343; oil 
region of, 573 

Canada, eastern, coal in, 563; oil regions 
of, 573; shorelines of, 389 
Canal, Chicago Sanitary and Ship, 373; 
Erie, 373 

Canals, German, 373 
Canaries Current, 90 
Canoe-shaped valleys, 421, 423 
Canyons, 407 
Cape Canaveral, 395 
Cape Cod, 393, 397 
Capillary water, 526 
Carbon dioxide, 29 
("arbonation, 276 
Caribbean (’urreiit, 88-90 
( nribbean oil regions, 673, 574 
Carrituck Sound, 390 
(^artogranis, 21 
Cascade Mountains, 436 
Casco Bay, Maine, 390 
Caspian Sea, 379 
Caverns, 322 

Cement, manufacture of, 592 
Cenotes, 323 
Centers of action, 74 
Chaparral, 497-498 

Chemical industries, raw materials for, 
592 

Chemical weathering, 276 
Chemistry, soil, 521-525 
Chernozem soil, 386, 546 
Chert, 259 

Chesapeake Bay, shorelines of, 390 
Chicago Sanitary and Ship Canal, 373 
Chicago, water supply of, 466 
China, coal fields of, 667; coal resources 
of, 566; loess plains of, 384; North, 
great delta of, 331, 332 
Chinook winds, 193, 251-252 
Circle of illumination, 10-11 
Circulation of the atmosphere, 71-73 
Circumference of earth, 8 
Cirque lake, 461 
Cirques, 449, 451 


Cirrus clouds, 104-106 
Classification of climates, 155-158 
Classification of soils, limitations of, 534 
Clay Belt, Ontario, 372 
Clays, 525; industrial uses of, 592 
Cliff glaciers, 446 
Cliffs, wave-cut, 298, 392 
Climate, controls of, 30-31; definition of, 
30; dry, 177-193; humid meso- 
thermal, 194-217; Mediterranean, 
194-202; savanna, 169—176; tropical 
rainforest, 161-169; tropical rainy, 
160-176 

Climatic conditions of plateaus, 406 
Climatic data for selected stations, supple¬ 
mentary, 601 
("limatic elements, 30 
Climatic factor in soil development, 530 
Climatic regions and types, 155-156 
Cloud types, 104-106 
Clouds, cirrus, 104-106; cumulus, 104; 

nimbus, 106; stratus, 106 
Cluses, 422 

Coal, 554-568; accessibility of, 557; age 
relationship of, 557; in Asia, 566; in 
eastern ("unada, 563; estimates of 
quantity, 556; in Germany, 565; 
metamorphism of, 554; origin of, 555; 
regions of, 559-568; in South America, 
564; structural associations of, 554; 
transformation of, 556; varieties of, 
556 

Coal fields, China, 667; Europe, 564; 
Gre^t Britain, 664; United States and 
Canada, 660 

Coal and petroleum fields, Russia, 676 
Coastal aggradation, 299 
Coastal features of glaciated mountains, 
455 

Coastal marshland, 395 
Coastal plains, Atlantic and Gulf, 810; 
belted, 309 

Coasts, fiorded, 455; 467 
Cobalt, 588 
Coking coals, 556, 561 
Cold front, 116, 124, 125; rainfall, 
132; thunderstorms, 151-153, 162; 
weather, 139 

Cold waves, 132> i83,134, 225 
Colloidal clays, 525 
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Colloids, soil, 522 
Colorado Plateaus, 403, 404 
Colorado River Delta, 333, 344 
Columbia Plateau, 270, 403, 405 
Comb ridges, 453 
Compass declination, 17 
Complicated rock structures, hills in, 421- 
Composite volcanic clones, 488 
Composition of the atmosphere, 29 80 
Concentric ridges and lowlands, plains of, 
319 

Condensation, 98, 95, 97-102; forms of, 
99-102; methods of producing, 99- 
102; in moving air over cold surfaces, 
101; nuclei, 99; in quiet air over cohl 
surfaces, 99-101; in rising air cur¬ 
rents, 101-102 
(’onditional instability, 108 
Conduction heating, 42-43 
(^ones, volcanic, 437-440 
(^conglomerate, 259 
Conical projections, 010 
Coniferous forests, 503-509; on American 
Pacific Coast, 606; on Atlantic and 
Gulf Coastal Plains, 607; in Eurasia, 
606; in lower middle latitudes, 604- 
509; in the Rocky Mountains, 506; 
subarctic, 603-504 

Conservation, of natural resources, 462; 
of soil, 549 

Continental divides, 442 
Continental glaciers, 292 
Continental plateaus, 403 
Continental shelf, 307, 458 
C'ontinents, area of, 9 
Contour interval, 23, 26 
Contour map, 22 

Controls of weather and climate, 80 
Convectional heating, 44-45 
Convectional precipitation, 106-107 
(>ool desert western littorals, 185-186 
Cooling processes, 42-45 
Coral-reef shorelines, 397 
Cordilleran regions, 433; American, min¬ 
erals in, 588 
Corrasion, 278 
Cotswold Hills, 318 
Crater Lake, 439 
Craters, 269; volcanic, 438 
Creosote bush, 514 


Crescent beaches, 393 
Crevasses, 446 

Crops, water requirement of, 476 
Crustal bending, 267; warping, 268 
Cuba, bays in, 399; karst in, 323 
Cuestaform foothills, 485 
Cuestaform plains, 311, 818 
(’uestaform ridges, 310, 422, 441, 448 
Cuestas, 311 

(^ultural features associated with mineral 
extraction, 595 
Cultural geography, 5 
Cumulus clouds, 104 

Currents, gradation by, 296; longshore, 
298 

Cyclones, appearance of, 113-114; cold 
front in, 125: middle latitude, 111- 
140; movement of, 114-115; nature 
of, 113; origin of, 115-117, 122-125; 
paths of, 140^1 42; precipitation 
in, 129-132; regions of precipitation 
in, 127, 131-132; size of, 114; struc¬ 
ture of, 122-125, 123; temperature 
in, 136- 136; tropical, 148-145; warm 
front in, 125; weak tropical, 146 
147; weather changes in, 186^-139; 
wind shift in, 128; wdnd system of, 
125-129, 127 

C!ycIonic precipitation, 109 
(Jyclonic tracks, 140-142 
Cylindrical equal-area projection, 604 

D 

Date line, international, 16 
Deccan Plateau, 270, 405 
Deciduous forest, definition of, 489; hard¬ 
wood forests, 601 
Deflation, 299, 379 

Deflective force of earth rotation, 70-71 
Degradation, 263, 275, 279; by running 
water, 283 

Delta, drainage, 329; fans, 344, 396, 449; 

outline, 326; plains, 325; surface, 326 
Deltas, 290, 371 

Dendritic pattern of drainage, 413 
Deposition, 279; glacial, 294; marine, 
shoreline features resulting from, 892; 
from solution, 281; by waves, 298 
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Desert, 177; low latitude, 180-186; 
middle latitude, 190-191; pavement, 
299, 379; plains, 374, shrub, 488-489, 
513-614; soils, 548; stream chan¬ 
nel, 376 ; stream erosion, 375; tropical, 
180-186; varnish, 379; weathering, 
374 

Desert basins, drainage of, 378 
Desert of Atacama, 594 
Destructive soil erosion, causes of, 550; 
kinds of, 551 

Destructiveness of earthquakes, 272 
Dew, 99 

Dew point, 97-98 
Diamonds, 589 
Diastrophisra, 264 
DiflFerential erosion, 285 
Differential weathering, 278 
Dike, 270, 438 
Dip slopes, 311 
Directions, 11, 17 
Discontinuity surfaces, 116-117 
Dismal Swamp, 308 
Distributaries, 290 
Distributary channels, 326 
Diurnal variation of wind velocity, 87 
Divides, 284; knife-edge, 453; mountain, 
442 

Doabs, 345 

Doldrums, 70, 74-76; wind rose of, 76 

Dolines, 323 

Dolomite, 260 

Domes, structural, 319 

Donets Basin, 566; coal field of, 584 

Dot maps, 21 

Douglas fir, 6CMJ-506 

Downs, 318 

Drainage, delta, 329; dendritic pattern 
of, 418; of desert basins, 378; glacial 
disturbance of, 295, 428; in ice- 
scoured plains, 350; interior, 378; 
trellis pattern of, 422 
Drainage basin, 284 
Drainage pattern in older drift, 368 
Drift, older, 296; thickness of, 353 
Drift plains, of America and Europe, 367; 

features of, 353, 354 
Driftless Area, 293 
Drowned valleys, 389 
Drumlins, 868 , 359. 397 


Dry climates, 177-193; boundaries of, 177; 
definition of, 177; diurnal tempera¬ 
tures in, 178; low latitude, 180-188; 
middle latitude, 188-193; plateau 
features in, 406; precipitation in, 179; 
rainfall reliability in, 178; tempera¬ 
tures in, 178; winds of, 179-180 
Dry-plateau escarpments, 408; uplands, 
409 

Dry-summer subtropical climate (see 
Mediterranean) 

Dunes, 397; sand, 380 
Dust, 80 

E 

Earth and sun relations, 36-87 
Earth, area of, 9; circumference of, 8; grid, 
11; interior, 8; materials, 255; 
motions, 10; plasticity, 9; revolution, 
11; rigidity, 9; shape of, 8 
Earth resources, 460; classes of, 461 
Earthquakes, 272; regions of, 273 
Eastern Interior Coal Field, 562 
Eastern Interior Oil llegion, 572 
Ecliptic, plane of, 11 
Edaphic factor, 486 
Eifel, The, 427 

Elements of weather and climate, 30 
Eluvialion, 533 
Emergence, shoreline of, 388 
Enclosed valleys, 423 
End moraines, 295, 361, 447 
Enrichment of ore deposits, 579 
Environment and soil zonation, 531 
Epiphytes, 491 
Equator, 12 

Equatorial air masses, 75-76, 172 
Equatorial belt of variable winds and 
calms, 70. 74-76 

Equatorial low-pressure belt, 60-61 

Equinoxes, 36 

Erg, 382 

Erie Canal. 373 

Erosion, 278; desert-stream, 375; differ¬ 
ential, 285; glacial, 294; of sea cliff, 
391; soil, destructive, 549; stages of, 
286; stream, 283; wind, 879 
Erosion remnants, 316 
Erratic boulders, 349, 355, 368 
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Eruptions, volcanic, 439 
Escarpments, 311; dry-plateau, 408 
Eskers, 867 

Estuaries, 389; of Europe, 390 
Eucalyptus trees, 503 
Eurasian oil fields, 574 
Europe, coal fields of, 564; drift plains of, 
367; estuaries of, 390; glaciated 
regions of, 369 ; iron-ore deposits of, 
584; loess region of, 886; spillways of, 
873 

Evaporation, 93-95 
Everglades, 308 

Evergreen forest, definition of, 489 
Evergreen hardwood forests, 601-503 
Exotic streams, 332, 378, 407 
Extrusions, igneous, 269 
Extrusive rocks, 256 

F 

Falkland Current, 188 
Fallowing, 522 
Falls, 314, 352, 360, 441 
Fans, alluvial, 340; delta, 344 
Fault block mountains, 436 
Fault valleys, 435 
Faulting, hill regions of, 426 
Faults, 265 
Feldspars, 256 

Ferromagnesian minerals, 256, 257 

Fertilizers, mineral, 593 

Fiard, 459 

Field biete, 449 

Finger Lakes, 430 

Finland, lakes, 353 

Fiorded coasts, 455, 467 

Fiords, in marine west coast climates, 216; 

origin and shapes of, 456 
Fish, 517-519 

Fishing regions of the world, 518-519 
Flat plains, 305 
Flattening, polar, 8 
Flint, 259 

Flocculated soil, 628 

Floodplain, 289, 333; surface of, 335; 

width of, 334 
Floods, river, 339 
Foehn, 261-252 


Fog, 91; advection, 101; distribution in 
United States, 100; London, 101; 
radiation, 99-101; in tundra climate, 
242 

Folded strata, hills in, 420 
Foothills, mountain, 442 
Forces, gradational, 263; surface-molding, 
261, 263; tectonic, 263 
Forest, definition of, 487; climate, 487 
Forest lands and grasslands, boundaries 
between, 543 

Forest soils, gray-brown, 541 
Forests, on American Pacific Coast, 505; 
broadleaf, 498-503; hardwood, 498- 
503; low latitude, 489-495; middle 
latitude, 495-509; types of, 489-509; 
utilization of in the middle latitudes, 
507-509 

Fractional scale, 18 
Fracture, crustal, 264 
France, iron ores of, 585 
Frisian Islands, 396 
Fronts, 115-117,116 

Frost, 50-52, conditions favorable for, 
61-52; in humid continental climate, 
228-230; killing, 50; losses from, 52; 
in marine west coast climates, 213; in 
Mediterranean climates, 198-199; 
protection from, 50-51; in subarctic 
climates, 234 

Frozen ground in tundra climate, 242 
Frozen subsoil, 549 
Fuji Mountain, 437 
Fundament, 4 

G. 

Galeria forests, 610 
Ganges Delta, 326, 330 
Gangue, 578 
Garden Wall, 453 
Gas, natural, 572 

Geography, cultural, 6; cultural features 
of, 2-3; definition of, 1; description 
and explanation in, 3-4; elements of, 

1— 3; field of, 1—5; outline of, 1—3; 
physical, 4-5; physical features of, 

2- 3; regional, 5-6; systematic, 5-6 
Geologic history, subdivisions of, 622 
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Germany, canals of, 373; coal deposits of, 
565; potash deposits of, 594 
Geysers, 469 
Glacial deposition, 294 
Glacial deposits, 355; in Great Lakes 
Region, 362 

Glacial disturbance of drainage, 295, 428 
(jlacial drift, 295 

Glacial erosion, 294; of volcanoes, 438 

(ilacial (Jrcat Lakes, 371 

Glacial grooves, 350 

Glacial lake plains, 370, 371 

Glacial lakes, 350; and swamps, 428 

(ilacial retreat, 291 

Glacial spillways, 372 

(xlacial striations, 350 

(jrlacial till, 366 

(xlacially eroded mountain features, 445 
Glaciated plains, <*lasses of, 348 
(ilaciated regions, of Europe, 369; of 
North America, 368 

Glaciation, areas of former (‘ontinental, 
292; effects upon relief, 354; and 
power sites, 478 

Glaciers, Antarctic, 412; continental!, 292; 

(ireenland, 412; mountain, 291, 446 
Glaciofluvial deposits, 295; plains, 364 
(ilaciolacustrine plains, 372 
Glass, manufacture of, 592 
Glaze, 106 
(irneiss, 260 

Gnomonic projection, 609 
Gold, 589 

Goode’s homolosine projection, 607 
Gorges, mountain, 441 
Graben, 266; valley of Scotland, 564 
Gradation, forces of, 263; by ground 
water, 281; by running water, 282; by 
waves and currents, 296; by wind, 299 
Gradational agents and processes, 275 
Graded stream, 284 
Gradient, stream, 284 
Grand Canyon, The, 408 
Graphite, 260 
Grass, short, 547 
Grassland climate, 488 
Grassland soils, 543 

Grasslands, 509-513; middle latitude, 
511-513; origin of, 488; tropical, 
509-511 


Gravel and outwash, 365 
Gravitational water, 527 
Gravity, force of, 264 
Gravity cones, 442 
Gray desert soils, 548 
(iray-brown forest soils, 541 
Great Basin, 403 

Great Britain, coal fields of, 664; iron ores 
of, 585 

Great circles, 12 

Great Lakes, 370; transportation on, 481 
Great Lakes Region, glacial deposits in, 

362 

(ireat Plains, artesian water in, 474 
(Jreat Salt Lake, 379, 411 
(ireat V'alley, I'he, 423 
(ireat Wiley of California, 343 
(ireenhoiise effect, 43 
(ireenland glacier, 412 
Greenland high, 62 
(ireenland plateau, 412 
(irinell (ilaeier, 452 
(iround moraine, 294, 354 
(iround water, availa})ility of, 466; grada¬ 
tional work of, 281; hardness of, 468; 
medicinal qualities of, 467; qualities 
of, 467; supply of, 466-475 
Ground-water table, 280, 466 
(irowing season, 51; in subarctic climate, 
234 

Gulf Coast oil region, 572 
Gulf Stream, 88 
(xullyiiig, 552 

H 

Hail, 106, 148-149 
Hamada, 377 

Hanging valleys, 460, 455, 468 
Harbors, 453; bottle-neck, 398; crater, 439 
Hardness of ground w^ater, 468; of surface 
water, 475 
Hardpan, 540 

Hardwood forest, 498-503; definition of, 
489; in foreign countries, 601; loca¬ 
tion with respect to conifers, 499; 
subdivisions of, 500; in the United 
States, 6(K)-501 
Harmattan, 166 
Hawaiian volcanoes, 269, 437 
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Headlands, erosion of, 889 
Headward erosion, 283 
Heat balance, 46 

Heating and cooling of earth’s surface, 
40-42 

Heating processes, 42 45 
Hematite, 580, 580 
Henry Mountains, 437 
High Plains, altitude of, 402 
Highland cliniales, 245 -252; air tempera¬ 
ture in, 247-249, 248; atmosph(‘rie 
prtvssure in, 246; daily weather of, 
252: foehns or chinooks in, 251-252; 
intensity of insolation in, 246- 247; 
in middle latitudes, 249; precipitation 
in, 250; seasonal temperatures in, 
248-249; temperature zones in, 248- 
249; tropical, 248-249; winds in, 
250-252; zone of maximum precipita¬ 
tion in, 250 

Highlands of Scotland, ice-scoured hills 
in, 428 

Highland Him, ,S20 

Hill lands, definition of, 415; local relief 
of, 415; shore features of, 430 
Hill regions, of eastern Asia, 427; of fault¬ 
ing, 426; ice-scoured, 427; resources 
of, 416; shore features of, 453-459; 
stream-eroded, 416-427 
Hogback ridges, 443 
Hook, 393 

Horizon of lime accumulation, 544 
Horizons, soil, 532 
Horizontal strata, hills in, 416 
Horns, 453 

Horse latitudes, 70, 77-78; weather con¬ 
ditions in, 78; wdnd rose of, 77 
Horst blocks, 267, 485 
Hot springs, 469 
Hot waves, 133-134, 225 
Humid continental climates, 220-233; 
early summer rainfall maximum in, 
222-223; frost and growing season 
in, 230-231; importance of summer 
rainfall maximum in, 223; location 
of, 220-221; long summers in, 226- 
229, 227 ; modified east coasts in, 221; 
precipitation in, 222-224; seasonal 
weather in, 224-226; short summers 
of, 229-233, 280; snowfall and snow 


cover in, 282-233; temperature in, 
221-222; temperature gradients in, 
221-222 

Humid forest lands, soils of, 537 
Humid mcsothcrmal climates, 194-217; 

type locations of, 194 
Humid micTothcrmal climates, 218-2J18; 
effect of snow^ cover in, 219; location 
of, 218; precipitation in, 219-220; 
temperatures in, 218-219 
Humid subtropical climates, 203-210; 
American, 207-208; boundaries of, 
203-204; comparison of with Medi¬ 
terranean, 203; frost ami the growing 
season in, 206-208; minimum tem¬ 
peratures in, 206-208; night tem¬ 
peratures in, 205-20(); precipitation 
in, 208-210; seasonal weatiier of, 210: 
sensible tt'inperatures in, 2(|4-205; 
temperatures in, 204 208; type loca¬ 
tions of, 203-204 

Humidity, absolute, 9t): relative, 97; 

specific, 96- 97 
Humus, 523 

Hurricanes, 143-145, 144; in humid sub¬ 
tropical climates, 209; isobars of, 143; 
origin of, 145; pressure gradients in, 
143-144; rainfall in, 144; regions of 
CKJCurrence, 145; size of, 144; tem¬ 
perature distribution in, 144; tracks 
of, 140; wind velocities in, 144-145 
Hydration, 276 
Hydrologic cycle, 94 
Hygrophytes, 485 
Hygroscopic dust, 30 
Hygroscopic water, 526 

I 

Ice age, 370 
Ice plateaus, 412-414 
Ice storm, 106 
Ice tongues, 414 
Iceberg Lake, 451 
Icebergs, 292, 413, 414, 448 
Ice-cap climates, 244-245 
Iceland low, 62, 80, 141 
Ice-scoured hill regions, 427 
Ice-scoured plains, drainage in, 350; 
features of, 349-353 
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Ideal continent, distribution of climates 
on, 158-159 

Igneous extrusions, 209; intrusions, 270 

Igneous rocks, 250 

Illuviation, 583 

Imperial Valley, 838 

Inclination of earth’s axis, 11 

India, coal in, 507; iron ores of, 580 

Indian River, Florida, 395 

Indian summer, 220 

In-facing escarpments, 319 

Inland navigation, value of lakes for, 481; 

value of streams for, 479 
Insect life in tropical rainforest, 492 
Inside passage, 458 

Insolation, 33-40; absorption of by atmos¬ 
phere, 39; amount received at various 
latitu(J(‘s, 38; annual distribution 
of, 38; diffuse reOeetion of, 39; dis¬ 
tribution at earth’s surface, 37-40; 
distribution from pole to pole, 37- 
38; distribution at time of equinoxes, 
37-38; distribution at time of summer 
solstice, 38; effeels of atmosphere 
upon, 38-40; factors determining 
amount received, 33 34; reaction of 
land and water surfaces to, 40-42; 
selective scattering of, 38-39; speed 
of, 33; wave lengths of, 33, 40 
Instability, atmospheric, 102-103 
Interfluves, 284; in young plains, 313 
Interior bituminous coal fields, 502 
Interior drainage, 378 
Intermontane plateaus, 403 
International date line, 10 
Intertropical front, 76 
Intrazonal soils, 531 
Intrusions, igneous, 270 
Intrusive rocks, 250 
Inversions of temperature, 49 
Iron-ore bog, 260 
Iron-ore deposits of Europe, 584 
Iron-ore ranges, 681 
Iron ores, distribution of, 580-587 
Irrigated land, soils of, 548; of United 
States, 476 

Irrigation, waters used for, 476 
Isarithmic maps, 22 
Isobars, definition of, 60 
Isogonic lines. 17 


Isothermal maps, 52-55 
Isotherms, actual temperatures, 55; sea 
level, 55 

.1 

Japan, coal in, 567 

Joints, 265 

Jura Mountains, 420 

K 

Kame-and-kettle moraine, 363 

Karnes, 363, 368 

Karroo, 404 

Karst, 281 

Karst lakes, 324 

Karst plains, 321 

Karst regions, 323 

Karst springs, 324 

Kentucky karst region, 324 

Kettle ponds, 364 

Kettles, 363, 368 

Knobs, 321 

Koppen's classification of climates, 156- 
157 

Krivoi Rog, 584 
Kuznetsk Basin, 566 

L 

Labrador Uurrent, 90 
Laccolithic mountains, 436 
Laccoliths, 270, 435 
Lacustrine plains, 370 
l^igoons, 393 
Lake Agassiz, 871, 372 
Lake Eyre, 379 
Lake Ixruise, 451 
Lake Superior ores, 581 
Lakes, 351, 360, 364; chain, 360; crater, 
439; in Finland, 353; glaciated 
mountain, 449; in Glacier National 
Park, 450; marginal, 370; oxbow% 
836; salt, 378, 411; value of for 
inland navigation, 481 
Lambert’s azimuthal equal-area projec¬ 
tion, 610 

Land and sea breezes, 86-87 
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Land and water, contrasts in heating 
and cooling of, 41-42 
Land relief and water-power sites, 478 
Land surfaces, heating of, 4()--4ii 
Land survey, Anieriean systems of, (>I8 
617 

Landfornis, origin of, 261; types of, 861 

[>atent energy, 95 

Latent heat of condensation, 95 

Lateral moraines, 447 

Laterite, 585 

Latcritic red soils, 587 

Latitude, length of degrees, 12 

Latitudinal shifting of wind belts, 80-82 

Laurentian Shield, 581, 588 

Lava flows, 209 

Lava plateaus, 405 

Leaching, 277, 282, 522 

Lead and zinc ores, 587 

Leeward, 07, 108 

Length of day, 84-36 

Lc'vces, natural, 289, 827 

laanas, 491 

Libyan erg, 882 

Lichens, 616 

Light, effects on vegetation, 484 
Lighter tropical forest, 498, 494 
Lightning, 149 

Taguite, 550; European, 500; North 
American, 508 

Lime accumulation, horizon of, 544 

Limestone, 259; of Indiana, 591 

Limonite, 580, 585 

Lincoln Wolds, 318 

Linear ridges and valleys, 420 

Lithic regions, 201 

Lithographic limestones, 591 

Lithosphere, 255 

Liverpool, England, tides at, 401 

Local relief, 303 

Local thunderstorms, 148, 150-151 
Location, 11, 14 

■Loess, 300, 380; in Argentina, 384; de¬ 
posits of in steppes, 383 
Loess plains, 383-386 
Ia)ndon Basin, 319 

Longitude, 13: length of degrees, 14; and 
time, 15 

Long-leaf, loblolly pines, 607 
Longshore currents, 298 


Los Angeles-San Bernardino lowland, 343 
Low' latitude desert, 180-186; cloudiness 
and sunshine in, 182-183; cool 
littorals of, 186-186; daily maxima 
and minima in, 183-184; precipita,- 
tion in, 181; temperatures in, 183-184 
T>ow latitude forests, 489 495 
Low' latitude steppes, 186-188 
Low land fog, 99-101 

JVI 

Magnetic declination, 17 
Magnetite, 580, 585 
Mammoth (’ave, 259, 328, 824 
Mangrove swamp forests, 49,8 
Mantle rock, 261, 520 
Map projections, 19, 608 (>12 
Map scales, 18, 26 

Maps, contour, 22; isarithmic, 22; nature 
and uses of, IS 26; representations 
on, 19; topographic, 25 
Maqui, 498 
Marble, 260 

March of temperature*, 47 
Marginal lakes, 870 

Marginal moraines, 295, 854; patterns of, 
861; stony, 868 

Marine deposition, shoreline features 
resulting from, 892 

Marine erosion, shoreline features result¬ 
ing from, 391 
Marine terraces, 392, 464 
Marine west coast climate, 210-217, 456; 
boundaries and extent of, 211; 
cloudiness and precipitation in, 216- 
217; cold spells in, 214; frost in, 213; 
location of, 210-211; origin of pre¬ 
cipitation in, 216; precipitation in, 
214-217; rainy days in, 216; seasonal 
weather in, 217; snowfall in, 215-216; 
temperatures in, 211-214, 212; win¬ 
ter minima of, 213-214 
Materials, earth, 255 
Matterhorn, 462 
Mature soils, 531 
Mature streams, 285 
Maturity, erosional, 286 
Meadow, 488 
Meander scars, 336, 337 
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Meanders, 286; migration of, 335 
Mechanical weathering, 278 
Medial moraines, 447 
Mediterranean climate, 194-202; frosts 
and growing season in, 198-199; 
in interior locations, 197, 198; 

in marine locations, 196-197; pre¬ 
cipitation in, 200-202; seasonal tem¬ 
peratures in, 197-199; seasonal 
weather of, 202; snowfall in, 200; 
summer drought in, 201; tempera¬ 
ture in, 196-199, 196; type locations 
of, 194 -196; world distribution of, 195 
Mediterranean forests, 495-498, 496 
Mercator’s projection, 606 
Meridian, prime, 13-14 
Meridians, 12 
Mesa, 410 

Metallic minerals, 577 -590 
Metals, native, 578; precious and semi¬ 
precious, 587 
Metamorphic rocks, 260 
Microorganisms in soil formation, 530 
Mid-C^ontinent oil region, 672 
Middle latitude deserts, 190-191 
Middle latitude dry climates, 188-193; 
location of, 188; precipitation in, 189- 
190; teinperalures in, 189; weather 
element in, 190 

Middle latitude forests, 495-509 
Middle latitude grasslands, 511-513 
Middle latitude steppe, 191-193, 192 
Military Ridgf*, 319 
Millibar, definition of, 59 
Milpa agriculture, 488 
Mineral extraction, cultural features asso¬ 
ciated with, 595 
Mineral fertilizers, 593 
Mineral fuels, ,554 
Mineral regions, 587 
Mineral resources, classes of, 577 
Minerals, definition of, 255 
Mining industries, local importance of, 697 
Mining population and settlements, 596 
Mississippi Delta, 327, 330 
Mississippi floods, 339 
Mobile processes, 275, 278 
Mohawk Valley, 373 

Mollweide’s homolographic projection, 

606 


Monadnocks, 287, 316 
Monsoon, in the United States, 84-86; 
Indian, 84-86; summer, 84; winter, 
83-84 

Monsoon forests, 493 
Monsoon winds, 82-86 
Morainal belts, 361 

Moraines, 294; kame-and-kettle, 363; 

marginal, 361 
Moss tundra, 616 
Motions of earth, 10 

Mountain climates {sec Highland cli¬ 
mates); vertical temperature gradi¬ 
ents in, 247-248 
Mountain divides, 442 
Mountain f<;atiires, classes of, 432 
Mountain foothills, 442 
Mountain glaciers, 291, 445, 446 
Mountain gorges, 441 
Moimlain passes, 444, 453 
Mountain peaks, 444, 453 
Mountain ranges, 435; differential erosion 
in, 435; volcanic, 436 
Mountain regions, shore features of, 453- 
459 

Mountain resources, 432 
Mountain sickness, 246 
Mountain snow fields, 446 
Mountain spurs, 443 

Mountain systems, 434; patterns of ar¬ 
rangement of, 434 
Mountain valley forms, 441 
Mountain and valley winds, 87 
Mountains, distinguishing features of, 
431; distribution of, 432; local relief 
of, 431; as playgrounds, 432; stream- 
eroded details of, 440-445 
Muskeg, 352, 504 

N 

Nashville Basin, 320 
Native metals, 578 
Natural bridges, 323 
Natural gas, 572 
Natural levees, 289, 327 
Natural resources, 460; conservation of, 
462 

Natural vegetation, 483-517; adjustments 
of to cold, 485; annuals, 485; effects 
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of soil on, 486; effects of temperature 
and light on, 484-485; effects of water 
on, 485-486; forest associations in, 
487; optimum temperatures for, 484; 
perennials, 485; plant associations 
in, 484; principal classes of, 486-487; 
specific zero for, 484; vegetative 
period of, 485 
Neap tide, 400 

Needle tree forest, definition of, 480 
New drift plains, 867 
New England, building stones of, 501; ice- 
scoured hills in, 428; shorelines of, 880 
New Zealand, (’anterbury Plain of, 844 
Newfoundland iron ores, 584 
Newly emerged coastal plains, features of, 
807 

Niagara cuesta, 319 

Niagara Falls, 319 

Nickel, 588 

Nile Delta, 326, 882 

Nimbus clouds, 106 

Nitrate of soda, 694 

Nitrogen, 29, 522, 594 

Nonmctallic, nonfuel minerals, 500-505 

Nonrenewable resources, 462 

North Atlantic Drift, 90 

Northern Interior Goal Field, 5(52 

Norway, fiords, 466 

Nuclei of condensation, 09 

Nunataks, 414, 427 

O 

Oasis, 832, 343, 344, 377, 382, 474 
Occlusion, 125 

Ocean currents, 88-92, 89; climatic signifi¬ 
cance of, 90-92; cool, 00; effects on 
fog and precipitation, 91; effects on 
temperature, 90-91; indirec*t climatic 
effects of, 91; scheme of, 88-90; up- 
welling of, 90; warm, 90 
Ocean deeps, 8 
Ocean tides, 398 
Ociians, area of, 9 
Offshore bars, 371, 393, 894 
Oil and gas fields, American, 570; of south¬ 
eastern Europe, 574; of southern 
Asia, 575 
Oil shales, 575 


Okefenokee Swamp, 308 
Old age, erosional, 286 
Old stream-eroded plains, 812 
Older alluvium, 825; in (ireat Plains, 847; 
in India, 845; in Japan, 845; plains of, 
844-847; in Po Plain, 846 
Older drift, 296 
Older drift plains, 8(>7 
Ontario, western, icc-scoured plains of, 361 
Ontario Clay Belt, 871, 872 
Open-pit mining, 682 
Optimum tempera lures for plants, 484 
Orange River, 404 
Orbit, earth, 11 

Ore deposit, definition of, 578; enrichment 
of, 579; physical associations of, 578 
Ores, of iron, qualities of, 580; of the Lake 
Superior Region, 681, 688 
Organic matter in soil, 522; and soil fer¬ 
tility, 52,8 

Orograplne precipitation, 107“109 
Orthographic proj€*ciion, 608 
Outcrops, 261 

Out-facing escarpments, 819 
Outliers, 819 

Out wash gravels, 366, 366 
Outwash plain, 295, 864, 366 
Overlapping spurs, 443 
Overloading of streams, 288 
Oxbow lake, 386 
Oxidation, 276 
Oxygen, 29, 255 
Ozark hiU lands, 419 

P 

Pacific Coast coal fields, 563 

Padre and Matagorda Islands, Texas, 895 

Palisades, 426 

Pamlico Sound, 396 

Pampa of Argentina, 846 

Paraffin, 571 

Parallel ranges, 485, 486 

Parallel ridges, 421 

Parallelism of the earth’s axis, 11 

Parallels, 12, 13 

Paramos, 248 

Parasites, 491 

Parasitic cones, volcanic, 438 
Parent material of soil, 520 
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Paris Basin, 319, 320 

Park savanna, 488-489 

Passes, mountain, 444 

Patagonia, desert of, 188; plateau of, 403 

Peaks, mountain, 444 

Peat, 556 

Pediment, 376, 379 
Peneplains, 287, 316, 317 
Perennials, 485; in deserts, 514 
Perspective projections, 608 
Peru current, 91 
Petrification, 282 

Petroleum, 568-575; structural associa¬ 
tions of, 568 

Petroleum fields of the United States, 671 
Phosphorus, 594 

Physical geography, 4-5; time ehmient in, 
262 

Physical properties of soils, 525-529 
Piedmont alluvial fans, 291, 340, 341 
Piedmont plateaus, 403 
l*ilot balloons, 142 
Pitted out wash, 3()4, 366 
Plains, aeolian sand, 380; alluvial, 325; 
alluvial basin, 343; classes of, 304- 
306; of concentric ridges and low¬ 
lands, 319; cuestafonn, 318; definition 
of, 303; delta, 325; desert, 374; dis¬ 
tribution of, 304; drift, features of, 
353; glacial lake, 370; glaciofluvial, 
364; ice-scoured, features of, 349-353; 
karst, 321; loess, 383-386; newly 
emerged, 308; of older alluvium, 344- 
347; outwash, 364; piedmont alluvial, 
340, 341; stream-eroded, 306-321; 
stripped, 377 
Plane of the ecliptics 11 
Planetary winds, terrestrial modifications 
of, 80-88 
Plankton, 517 

Plants, water requirement of, 526 
Plateau bolsons, 410 
Plateau features, in dry climates, 406 
Plateaus, classes of, 402-406; climatic con¬ 
ditions of, 406; definition of, 402; 
ice, 412-414; in humid climates, 411 
Playa-lake beds, 548 
Playa lakes, 378 
Playa salt deposits, 593 
Plucking, glacial, 294, 850, 451 


Pocosins, 308 

Podzol, 536, 539; soils associated with, 541 
Polar Atlantic air masses, 120 
Polar climates, 239-245; Arctic vs. Ant¬ 
arctic, 240; hours of daylight and 
darkness in, 239; locations and 
boundaries of, 239-240; precipitation 
in, 240-241; temperatures in, 240-241 
Polar Continental air masses, 119 
Polar front, 73, 79 
Polar high, 61 

Polar Pacific air masses, 120 
Polar pressures, 61-62 
Polar winds, 79-80 
Polders, 331 
Pollution of wells, 472 
Poly conic projection, 612 
Ponds, 364 
Pools, oil, 569 

Pore space, for ground water, 467; in soils, 
528 

Portland Canal, 457 
Potash, 594 
Pottery clay, 592 

Power transmission, hydroelectric, 478 
Prairie, 488, 511-512 
Prairie soils, 544 

Precious or semiprecious nietals, 577, 587 
Precipitation, cold front; 132; convec- 
tional, 106-107; in converging air 
currents, 131; cyclonic, 109; dependa¬ 
bility of, 109; forms of, 106; oro¬ 
graphic, 107-109; seasonal periodicity 
of, 109; warm front, 131-132 
Precipitation regime, 110 
Pressure, 58-66; equatorial low, 60-61; 
horizontal distribution of, 60-66; im¬ 
portance of as a climatic element, 
58-59; January, 63, 65-66; July, 64, 
65-66; latitudinal belts of, 61; profile 
of, 62; relation to winds, 66-68; rela¬ 
tionship to temperature, 59; seasonal 
centers of, 66-66; thermal and dy¬ 
namic control of, 62, 65; vertical 
distribution of, 60 
Pressure gradient, 66-67 
Prevailing winds, 67 
Prime meridian, 13-14 
Processes, earth, 253; gradational, 275; 
mobile, 278; static, 276; tectonic, 264 
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Profile, soil, 532 
Puna, 248 

Q 

Quartz, 256 
Quartzite, 260 

n 

Radial mountains, 435 
Radial pattern of drainage, 437 
Radiation fog, 99-101 
Radiosondes, 142 
Radius of tlie earth, 8 
Rain, 106 
Rain shadow, 108 
Rainfall reliability, 174, 192 
Range, tidal, 401 
Ranges, mountain, 435 
Ranges of temperature, 56“57 
Rapids, 285, 314, 352, 360; of Congo 
River, 404 

Recessional moraines, 295, 361 
Recreation, lakes and streams as centers 
of, 481 

Recurved spit, 393 
Red River Plains, 372 
Reg, 380 

Regionid geography, 5-6 
Regions, cordilleran, 433; of diastrophism, 
268; of earthquake occurrence, 273; 
of volcanic activity, 271 
Regolith, 261, 520; colors of, 580 
Relative humidity, 97 
Relief, effects of glaciation on, 354; local 
measurement of, 303 
Rendzina, 546 

Resources, of hill lands, 416; inexhaustible, 
461; mountain, 432; renewable, 462 
Retarded adiabatic rate, 103 
Retreat, glacial, 291 
Rhine Delta, 330 

Ria shorelines, 389, 455; utility of, 390 

Rias, 430 

Rift valleys, 266 

Rio de la Plata, 391 

River breaks, 313 

Rivet floods, 339 

River system, 284 


Rivers, estuarine, 389 

Roches moutonn^es, 350, 359, 427 

Rock basins, 350, 361 

Rock for construction, 591 

Rock-controlled drift surface, 364, 367 

Rock flour, 355 

Rock salt, 572 

Rock structure, 268; and ground-water 
supply, 472 
R<^)ck terraces, 315 

Rocks, 255, 256; igneous, 256; meta- 
morphic, 260; phosphate, 595; pore 
space in, 467; sedimentary, 257 
Rocky Mountains, 436; coal fields of, 563; 

oil region of, 572 
Rolling plains, 305 
Rotation of the earth, 10 
Rough plains, 305 
Pounded uplands, 424, 425 
Ruhr \'alley, 566 

Running water, aggradation by, 288; 

gradation by, 282 
Runoff, 283 

Russia, coal fields of, 566; oil fields of, 574 
S 

Saar Basin, 566 
Saeter, 449, 458 
Sagebrush, 514 
Salmon fishing, 519 
Salt, 592 

Salt lakes, 378, 411 
Salt pans, 379 
Salt-producing regions, 593 
Sand, industrial uses of, 592 
Sand bars, 289 

Sand-dune areas, features of, 381 
Sand dunes, 300, 380, 382, 395 
Sand plains, aeolian, 380 
Sandstone, 259 
Sandy Hook, 393 
San Joaquin Valley, 343 
San Juan Mountains, 437 
Sanson-Flamsteed sinusoidal projection, 
606 

Saturation point, 96 
Savanna, 487, 609-511 
Savanna climate, 169-176; amotmi of 
rainfall in, 171; boundaries of, 169- 
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l70; location of, 169-170; monsoon 
variety of, 173-174; precipitation in, 
171-173; rainfall regime of, 171-173, 
172; rainfall reliability in, 175-176; 
relation to air masses, 172; seasonal 
weather of, 174-175; temperatures 
in, 170 -171; upland variety of, 176 
Savanna forests, 493 
Sailes, map, 18 

Scandinavia, ice-scoured hills in, 428 

Scarp, fault, 265 

Scenery, glacial, 451 

Schist, 260 

Scoriaceous lava, 438 

Scotland, graben, valley of, 564 

Scrub forest, 494-496 

Sea breeze, 86-87 

Scja mammals, 519 

Sea water, salt in, 592 

Seals, 519 

Sections, land, subdivisions of, 616 
Sedges, 616 

Sedimentary rocks, 257, 299 
Seismograph, 272 
Self-fluxing ores, 580, 585 
Sensible iempcratures, 57, 163; in humid 
subtropical climates, 204-205; in 
tropical raiuy climates, 163 
Shale, 259; oil, 575 
Shape of earth, 8 
Sheet wash, 551 
Shensi-Shansi coal fields, 567 
Shield volcanoes, 269 
Shore features, of hill lands, 430; of hill 
and mountain regions, 453-459 
Shore outlines, conditions affecting, 387 
Shorelines, coral-reef, 397; of Chesapeake 
Bay, 390; of emergence, 388; features 
resulting from marine erosion, 391; 
ria, 389; of submergence, 388; of sub¬ 
merging highland coasts, 455 
Short-grass steppe, 512-513 
Shrubwood, definition of, 487 
Siberia, coal fields of, 566 
Siderite, 580 

Sierra Nevada Mountains, 436 
Silicon, 255 
Sinks, limestone, 322 
Skerry guard, 458 
Slate, 260 


Sleet, 106 

Snow, 106; in humid continental climates, 
229; in humid subtropical climates, 
210; in ice-cap climates, 245; in 
Mediterranean climates, 200; in 
middle latitude dry climates, 189; 
in subarctic climates, 237; in tundra 
climate, 244 

Snow cover, in humid continental cli¬ 
mates, 229; in humid microthermal 
climates, 219; in humid subtropical 
climates, 210 

Snow fields, mountain, 446 
Snowfall, in humid continental climates, 
232-233; in marine west coast cli¬ 
mates, 215-216 
Sodium nitrate, 379 
Soft water, 468 

Softwood forest, definition of, 489 
Sogne Fiord, 458 
Soil chemistry, 521-525 
Soil classification, mature soils as basis of, 
534 

Soil color, 529 

Soil conservation, 549 

Soil creep, 424 

Soil development, biologic factor in, 530; 

climatic factor in, 530 
Soil elements, 521 

Soil erosion, causes of, 550; destructive, 
549; kinds of, 551; reduction of, 553 
Soil fertility and organic material, 523 
Soil formation, factors in, 529 
Soil horizons, 532 
Soil lime, 594 

Soil profile, 531, 532; immature, 533; 

mature, 533 
Soil structure, 527 
Soil temperature, 529 
Soil texture, 525 
Soil zones, 536 

Soils, effects on natural vegetation, 486; 
of humid forest lands, 537; major 
classes of, 585; mature, 531; organic 
matter in, 522; parent material of, 
520; physical properties of, 525-629; 
pore space in, 528; prairie, 644; of 
subhumid grasslands and deserts, 
543-548; of subpolar regions, 549; 
tropical and subtropical, 537 
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Solar energy (see Insolation) 

Solstices, 36-37 

Solution, features of, 321; process of, 276, 
281 

Source regions, 115; types of, 117 

South Africa, coal fields of, 668 

South Aiperica, C‘oal in, 564 

Southern pine forest in the U.S., 607 

Southwestern Interior ('oal Field, 562 

Specific heat, 41 

Specific humidity, 96-97 

Specific zero for plants, 484 

Spillways, European, 373; glacial, 372 

Spits and hooks, 389, 393 

Spring tide, 400 

Spring water, uses of, 471 

Springs, 468; large, 470 

Spurs, mountain, 443 

Squall line, 132 

Squall winds, 149-150 

Stability, 102-103 

Staked Plains, 346 

Stalactites and stalagmites, 281 

Standard time, 15 

Static gradational processes, 275, 276 
Steppe climates, 177; with high-sun rain¬ 
fall, 187-188; in low latitudes, 186- 
188; with low-sun rainfall, 187; in 
middle latitudes, 191-193; rainfall 
reliability of, 192 

Steppes, 488, 510, 512-618; middle lati¬ 
tude, 512-613; soils of, 547; tropical, 
609-511 

Stcreographic projection, 608 
Storm tracks, 140-142, 141 
Storms, 111-154; anticyclonic, 111-140; 
as generators of precipitation. 111; 
cyclonic, 111-147; hurricanes, 143- 
145; thunder, 147-154; tornadoes, 
154; weaker tropical, 146-147 
Strata, 257 
Stratified rock, 268 
Stratosphere, 48-49 
Stratus clouds, 106 
Stream dissection, depth of, 313 
Stream-eroded hill regions, 416-427 
Stream-eroded plaitts, 306-321; mature, 
315; old, 316; young, 313 
Stream erosion in mountains, 445 
Stream flow and power development, 477 


Stream sorting, 288 

Streams, ei*osion by, 283; of coastal plains, 
308; origin of, 282; of young plains, 
313; youthful, 359 
Stripped plains, 377 

Structure, artoian, 474; oil, 569; rock, 
268; soil, 527 
Subaiigular boulders, 294 
Subarctic climates, 233-238; frozen ground 
in, 235; growing season of, 234; 
lengths of day and night in, 234; loca¬ 
tion and boundaries of, 233; precipi¬ 
tation in, 237-238; snow and snow 
cover in, 237; summer temperatures 
in, 233-234; winter temperatures in, 
235-237 

Subarctic coniferous forests, 603-504; 

animal life in, 604 
Submergence, shoreline of, 388 
Subpolar lows, 80 
Subpolar regions, soils of, 549 
Subtropical belt of winds and calms, 70 
Subtropical bells of variable winds and 
calms, 77-78 
Subtropical high, 61, 72 
Subtropical low, 61 
Sulphur, 593 

Surface of discontiuuity, 116-117 

Surface relief and soil development, 530 

Surface waters, 475-482 

Swamps, glacial, 360; of coastal plains, 308 

Sweden, iron ores of, 585 

Swells and swales, 357, 359 

Switzerland, map of, 20 

Synclinal mountains, 267 

Synclinal valleys, 435 

Synclinc, 267 

Systematic geography, 5-6 
T 

Table, ground-water, 466 
Tablelands, 403 
Taiga, 235, 603-504, 606 
Talus, 408 
Talus slopes, 442 
Tarim Basin, 843 
Teak forests, 494 
Tectonic processes, 264 
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Temperature gradients, in humid conti¬ 
nental climates, 22T-222 
Temperature inversions, 49 
Temperature zones, 155 
Temperatures, annual, 55; annual range 
of, 66-57; atmospheric, 3^3-57: daily 
march of, 47; distribution of, 48-57; 
eflfects €)n vegetation, 484; horizontal 
distribution of, 52-57; January, 63, 
55-56; July, 64, 55-56; relation to air 
pressure, 59; seasonal march of, 47; 
sensible, 57; vertical distribution of, 
48-50 

Termites, 493 

Terraces, 442; jxlluvial, 338; marine, 464; 
rock, 315; wave-built, 392; wave-cut, 
391 

Terrestrial modifications of winds, 80-88 
Terrestrial radiation, 43-44; wave lengths 
of, 40 

Texas lllack Prairies, 311 
Texture, soil, 525 

Thermograph tracing, 137, 138, 162 
Thorn forest, 494-495 
Thornthwaitc’s classification of climates, 
156 

Thunder, 149 
Thuiidersquall, 149-150 
Thunderstorms, 147-154,148; anvil cloud 
in, 151; classes of, 150-153; cold front 
in, 151-153, 162; distribution of, 
163-154; hail in, 148-149; in humid 
microthcrmal climates, 223; in humid 
subtropical climates, 209; intra-air 
mass, 150-151; in marine west coast 
climates, 216; precipitation in, 148; 
structure of, 148; in tropical climates, 
165, 166, 172, 175 
Tibet, plateau of, 403 
Tidal inlets, 393 
Tidal range, 401 
Tidal wave, 273 

Tides, at Bay of Fundy, Nova Scotia, 401; 
at Liverpool, England, 401; nature 
of, 399; ocean, 398 

Tierra calientc, fria, and templada, 248 
Till, glacial, 294 

Till plain, 355-860; drainage patterns in, 
359; surface features of, 367 
Till-plain lakes, permanency of, 360 


Till sheet, 854 

Timber land, distribution of, in the L.S., 

608 

Time, longitude and, 15 
Tin, 590 

Topographic maps, 25 
Topographic quadrangles, L.S., selected 
list of, 618 
Tornadoes, 154 

'JVade winds, 70, 76-77; air masses in, 
76-77; as sailing routes, 77; wdnd rose 
of, 75 

Trellis drainage, 422 
Trinidad, asphalt lake of, 574 
Tropical air masses, 172 
IVopical cyclones, 143-145 
Tropical desert, 180-186 
Tropical forests, as a source of lumber, 
495; semideciduous, 493 
Tropical front, 76 
Tropical grassland soils, 547 
Tropical grasslands, 609-511; animals in, 
610 

Tropical Gulf air masses, 120-121 
Tropical hurricanes, 76 
Tropical Pacific air masses, 121 
Tropical rainforest, 489-493; animal life 
in, 492; color of, 490; composition of, 
490; external aspects of, 489-491; 
internal aspects of, 490, 491, 492; 
light conditions in, 491; subtypes of, 
493 

Tropical rainforest climate, 161-169; an¬ 
nual temperature of, 161-162; daily 
march of temperature in, 163-164; 
daily temperatures of, 162-163; daily 
weather of, 166-167; eastern littorals 
in, 167-168; location of, 161; monsoon 
littorals of, 168-169; precipitation in, 
164-166; sensible temperatures in, 
163; winds in, 166; world distribution 
of, 167 

Tropical rainy climates, 160-176; bound¬ 
aries of, 160-161; definition of, 160; 
location of, 160-161; precipitation in, 
161; temperatures in, 160 
Tropical steppe, 186-188 
Tropical and subtropical soils, 537 
Tropical superior air masses, 122 
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Tropics, the, 13 
Tropophytes, 486 
Troposphere, 49 

Tundra, 615-516; animal life in, 516-517; 
soils, 549 

Tundra climate, 241-5^14; definition of, 
241; fog in, 242; frozen ground in, 
242; location and boundaries of, 241; 
precipitation in, 218 241; snow in, 
244; summer temperatures in, 241- 
242; winter temperatures in, 242-243 
Tupelo forest, 608 

Types of climate, 155-252; outline of, 157 
Types of landforrns, 801 
Typhoons, 143-145 

V 

Underground solution. 281 
Underground streams, 473 
Undertow, 297 
Undulating plains, 305 
United States, petroleum fields of, 671 
Unstratitied drift, 355 
Upland savanna, 176 
Uplands, dry-plateau, 409 
Upwelling of cool water, 90 
U-shaped valleys, 448, 455, 457, 468 

V 

Valencia, Spain, lowlands of, 344 
Valley forms, mountain, 441 
Valley glaciers, 291, 446 
Valley train, 295, 366 
Valleys, 284; dry-plateau; 407; U-shaped, 
455 

Varved clays, 370 
Veering wind shift, 128-129 
Vegetation cover, 483-517 
Vein, 281 
Veld, 404 

Venezuela, oil in, 574 
Victoria Falls, 404 

Volcanic activity, 269; regions of, 271 
Volcanic cones, 437-440; features of, 438 
Volcanic eruptions, 439 
Volcanic mountain ranges, 436 
Vulcanism, 269 


W 

Walrus, 519 

Warm front, 116, 124, 125 
Warm-front rainfall, 131-132 
Warm-front weather, 139 
Warping, crustal, 268 
Watchung Ridges, 426 
Water, capillary, 526; effects on natural 
vegetation, 485-480; hardness of, 
468; hygroscopic, 526; per capita con¬ 
sumption of, 465; in the soil, 525; 
surface, 475-482; used for irrigation, 
476; uses of, 465 
Water gaps, 421, 422, 423 
Water power, 352, 451; conditions favor¬ 
able to, 477; resources of the world, 
480; sites and land relief, 478; world 
distribution of, 478 
Water requirement of crops, 476 
Water supplies, in dune regions, 382; 
sources of, 466 

Water surfaces, heating of, 40-42 
Water vapor, 30; importance of, 93; latent 
energy in, 95; sources of, 93 -94 
Waterfalls, 285, 350, 428, 450; retreat of, 
286 

Waters of the earth, area of, 29(5 
Wave work, 296 
Wave-built terrace, 392 
Wave-cut cliffs, 298, 392, 454 
Wave-cut terrace, 391 
Waves, deposition by, 298; gradation by, 
296; tidal, 273 
Weak tropical cyclones, 165 
Weaker tropical lows, 146-147 
Weald, The, 320 

Weather, at cold front, 139; controls of, 
30-31; definition of, 30; at warm 
front, 139 

Weather elements, 30 
Weather forecasting, 142-143 
Weather map, 124, 188, 142-143 
Weathering, 276-278, 520; desert, 374 
Wells, 471; artesian, 473; city water 
supply from, 466 

Westerlies, 70; of northern Jiemisphere, 
79; of southern hemisphere, 79; 
weather in, 78-79; wind rose of, 78 
Western Interior Coal Field, 562 
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Westphalia, 566 
Whale fishing, 519 
White frost, 99 
Wind abrasion, 379 

Wind belts, 74-80; latitudinal shifting of, 
80-82 

Wind erosion, 379 
Wind gaps, 422 
Wind roses, 76, 77, 78 
Winds, 66-88; Beaufort scale of, 68; de¬ 
flection of, 70-71; direction, 67; 
gradation by, 299; monsoon, 82-86; 
on a nonhomogeneous earth, 71; on 
a nonrotating homogeneous earth, 
69; planetary system of, 68-80; pre¬ 
vailing, 67; relation of to pressure, 
66-68; on a rotating homogeneous 
earth, 69-70; surface, 74-80; ther¬ 
mally controlled system of, 68-69; 
velocity of, 67 
Windward, 67 


X 

Xerophytes, 485 

Y 

Yazoo River, 337 
Y'osemite Valley, 451 
Young stream-eroded plains, 312 
Youth, erosional, 286 
Youthful plateau-hill region of Australia, 
425 

Yucatan karst, 323 

X 

Zastrugi, 412 

Zinc and lead ores, 587 

Zonal soils, 531 

Zone of fracture, crustal, 265 

Zuider Zee, 331 
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